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Preface

Roots – the hidden half of the plants – are important organs for absorption of water

and nutrients from the soil. Roots release many carbon compounds as exudate.

These compounds provide support to develop a symbiotic relationship with soil-

borne fungi, often called as mycorrhiza. The fungal partner (mycobiont) provides

the plant with improved access to water and nutrients in the soil due to a profusely

branched hyphal network that spreads from the root surface and extends far into the

soil. The plant, in return, supplies carbohydrate for fungal growth and survival. The

mycorrhizae in general and ectomycorrhizae (ECM) in particular are more benefi-

cial to the plants growing in nutrient-poor soil. Ectomycorrhizal plants are resistant

to soil-borne diseases and often tolerate drought stress. In fact, the ECM is respon-

sible for the succession of ecosystems.

There is enormous diversity of ectomycorrhizal fungi in a forest. The ECM can

be used as indicators of quality and also for the development of forest ecosystem.

ECM could be applied for reforestation as they accelerate the plant growth by

supplying water and nutrients. Interestingly, without ECM, healthy woodland

community cannot be maintained. Moreover, some ectomycorrhizal fungi produce

edible sporocarps (fruiting bodies), which are eaten by the people and thus impor-

tant for the food industry.

For better performance of the plants, it is necessary to inoculate them at seedling

stage by ECM to make their life safe. ECM plays a multifunctional role during

symbiosis with higher plants. These fungi have diverse roles as bioremediators,

bioprotectors, biofertilizers, and stress indicators. They are the true “mycoindica-

tors” of the forest ecosystem. There are many metal chelating molecules produced

by ectomycorrhizal fungi, which have remarkable biotechnological significance.

Furthermore, ECM secretes important secondary metabolites.

Molecular approaches are very important for the identification and differentia-

tion of the fungi forming symbiosis with higher plants. Molecular tools are also

important to understand how the genes are expressed during symbiosis with higher

plants. The ectomycorrhizal fungi can be transformed by using Agrobacterium
tumefaciens.
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The main goal of this book is to provide information to the readers regarding

diversity and applications of ectomycorrhizae and the use of modern biotechnologi-

cal tools in understanding and transforming them.

The volume is divided into three parts, viz. (1) diversity, morphology, and

applications, (2) biotechnological aspects of ectomycorrhizal fungi, and (3) func-

tions and interactions. The whole book has been made user-friendly and worth

reading.

Part I includes three chapters, out of which the first chapter explains how

ectomycorrhizal inoculation benefits the members of family diptercarpaceae. The

second chapter discusses the status of ectomycorrhizal fungi in South America,

while the third chapter deals with inocula and the techniques of inoculation into the

host plants.

Part II incorporates the molecular approaches in the systematics of ECM, gene

expression during symbiosis, Agrobacterium-mediated gene transfer, biotechno-

logical process, and signaling in ECM symbiosis and RNA-silencing.

In Part III, ectomycoremediation, functions of ECM when challenged with

heavy metals, scale issues concerning the role of ECM in functioning of ecosystems

as indicators of stress in forests, effect of pesticides on ECM, their secondary

metabolites, carbon and nitrogen interactions, interaction of Cantharellus with

Dendrocalamus, and edible ectomycorrhizal fungi have been included.

This volume would be of utmost importance to students, researchers, and

teachers of botany, mycology, microbiology, forestry, and biotechnology. The

readers should find the book full of information and reader friendly.

In planning this volume, invitations for contributions were extended to leading

international authorities working with ectomycorrhizae. The editors would like to

express sincere appreciation to each contributor for his/her work and for their

patience and attention to detail during the entire production process. We sincerely

hope that these eminent contributors will encourage us in the future as well, in the

greatest interest of the academia.

We are extremely grateful to the staff members of Springer Heidelberg, espe-

cially Hanna G. Hensler-Fritton, Editorial Director Life Sciences/Biomedicine

Europe II, Dieter Czeschlik (now retired), and Jutta Lindenborn for their continued

interest, critical evaluation, constructive criticism, and support. We wish to

acknowledge the help and support given to us by our students, faculty colleagues,

and family members for their constant encouragement.

Amravati, Maharashtra, India Mahendra Rai

Noida, Uttar Pradesh, India Ajit Varma
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Baudoin Ezékiel, Dreyfus Bernard, and Prin Yves

8 Signaling in Ectomycorrhizal Symbiosis Establishment . . . . . . . . . . . . . . 157

Paul Baptista, Rui Manuel Tavares, and Teresa Lino-Neto

9 RNA Silencing in Ectomycorrhizal Fungi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

Minna J. Kemppainen and Alejandro G. Pardo

Part III Functions and Interactions

10 Ectomycoremediation: An Eco-Friendly Technique

for the Remediation of Polluted Sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

Heike Bücking

11 Metal Elements and the Diversity and Function

of Ectomycorrhizal Communities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

Alexander Urban

12 A Conceptual Framework for Up-Scaling Ecological Processes

and Application to Ectomycorrhizal Fungi . . . . . . . . . . . . . . . . . . . . . . . . . . . 255

Virgil Iordache, Erika Kothe, Aurora Neagoe, and Felicia Gherghel

13 Mycobioindication of Stress in Forest Ecosystems . . . . . . . . . . . . . . . . . . . 301

Hojka Kraigher and Samar Al Sayegh Petkovšek
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Corrêa, Ana Departamento de Microbiologı́a del Suelo y Sistemas Simbióticos,
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Chapter 1

The Importance of Ectomycorrhizas for the

Growth of Dipterocarps and the Efficacy

of Ectomycorrhizal Inoculation Schemes

Francis Q. Brearley

1.1 Introduction

The Dipterocarpaceae is the most important tree family in the tropical forests of

South-east Asia as they are the ecosystem dominants, especially in lowland forests

of this region, where they often contribute up to a quarter of all stems and half of the

above-ground biomass (Proctor et al. 1983; Davies et al. 2003; Brearley et al.

2004). They also play major role in timber production from this area as they are

favoured for their fast growth rates, tall cylindrical boles and high quality wood.

In addition, they are a source of non-timber forest products such as oils and

resins (Shiva and Jantan 1998). Given the continued exploitation and degradation

of lowland tropical forest habitats worldwide, there is interest in reforestation

programmes to maintain forest cover and to provide a sustained supply of wood

products. Many of these programmes have focussed on fast-growing exotic tree

species but, to provide the highest quality timber, reforestation efforts now need to

focus on the Dipterocarpaceae.

The majority of trees in tropical forests form arbuscular mycorrhizas but it was

first noted by Singh in 1966 that dipterocarps, like many temperate forest trees,

formed ectomycorrhizas (EcMs). Since then, many subsequent studies have exam-

ined the roots of numerous dipterocarps and found them to be colonised by EcM

fungi (Alexander and H€ogberg 1986; Chalermpongse 1987; Smits 1992; Lee 1998;

Hoang and Tuan 2008). There are also minor reports of arbuscular mycorrhizal

(Shamsuddin 1979; Ibrahim et al. 1995; Tawaraya et al. 2003) and ectendomy-

corrhizal (Tupas and Sajise 1976) fungi in dipterocarp roots, but more details

are needed on this potential dual colonisation before anything more concrete can

be written.

In this chapter, I have (1) given a brief overview of mycorrhizal symbioses in

dipterocarps, I now plan to (2) note which are the important fungal species involved

F.Q. Brearley

School of Science and the Environment, Manchester Metropolitan University, Chester Street,

Manchester M1 5GD, UK

e-mail: f.q.brearley@mmu.ac.uk

M. Rai and A. Varma (eds.), Diversity and Biotechnology of Ectomycorrhizae,
Soil Biology 25, DOI 10.1007/978-3-642-15196-5_1,
# Springer-Verlag Berlin Heidelberg 2011
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in the EcM symbiosis and then (3) focus on the role of this symbiosis in improving

plant nutrition, growth and performance, and complete (4) with a special focus on

how we might critically use this knowledge to determine if we need to apply EcM

inoculation in reforestation programmes.

1.2 Fungal Species Associated with Dipterocarps

We know, from fruit body surveys, that the most speciose groups of fungi found in

dipterocarp-dominated forests are the families of Amanitaceae, Boletaceae and

Russulaceae (Watling and Lee 1995, 1998, 2007; Watling et al. 1998, 2002; Lee

et al. 2002, 2003), and these appear to form a reasonable proportion of the EcM root

tips belowground (Lee et al. 1997; Ingleby et al. 1998). However, it is known that

above-ground and below-ground views of the EcM community rarely show close

concordance (Gardes and Bruns 1996; Yamada and Katsuya 2001), and it has

recently been noted that fungi with cryptic fruiting bodies such as members of

the Thelephoraceae, which appear to have been overlooked in fruiting body

surveys, are also important EcM formers. For example, Ingleby et al. (2000)

found a Thelephoraceae species to be common on seedlings planted in soil from

Vietnamese forest and I have found two Thelephoraceae species common on

nursery-grown seedlings in Malaysia (Brearley et al. 2003, 2007; Brearley 2006).

Furthermore, sequences from this group dominated the molecular studies on

dipterocarp EcM communities conducted by Sirikantaramas et al. (2003) and

Yuwa-Amornpitak et al. (2006). As an example, half of the sequences generated

by Sirikantaramas et al. (2003) were from this family. In this regard, the use of

molecular identification techniques has shown us that the EcM community

in dipterocarp-dominated forests is more similar to many boreo-temperate EcM

communities (e.g. Richard et al. 2005; Ishida et al. 2007; Morris et al. 2008) than

originally thought. As molecular work continues on the EcMs communities of

dipterocarps, it will reveal a much clearer below-ground picture of the dominant

species involved in this symbiosis.

1.3 Nutrient Relationships

There are numerous experiments showing that EcMs can improve plant nutrient

uptake (Smith and Read 2008) and, in the Dipterocarpaceae, this has also been

shown to be the case. For example, Lee and Lim (1989) correlated percentage EcM

colonisation (% EcM) with foliar phosphorus (P) in dipterocarp seedlings they

studied. Seedlings from a site with lower available soil P showed a positive

correlation between foliar P and % EcM suggesting that EcMs enhanced uptake

of P at this site. Hadi and Santoso (1988, 1989) presented data suggesting inocula-

tion with EcM fungi increased foliar concentrations of nitrogen (N), P, potassium

4 F.Q. Brearley



(K), calcium (Ca) and magnesium (Mg) of five dipterocarp species (although it is

not entirely clear if their data are for nutrient concentrations or total nutrient content

in the seedlings). The first experiments to show an unequivocal increase in foliar

nutrients in response to EcM colonisation were those of Lee and Alexander (1994)

and Yazid et al. (1994) who clearly showed increased P concentrations in response

to EcM colonisation in two species of Hopea studied. Additionally, in the experi-

ments of Lee and Alexander (1994), whilst there were no suggestions of EcM

colonisation increasing shoot N, K or Mg concentrations, there was some indication

of improved Ca nutrition. These differential responses may be due to the experi-

mental conditions used but may also represent a certain degree of inter-specific

difference in fungal benefits to the host plant or may even be due to an EcM

diversity effect on nutrient uptake (Baxter and Dighton 2005).

Improved mineral nutrition has also been shown under field conditions where

reduction of EcM colonisation (by Mancozeb fungicide) led to reduced foliar N and

P in both Hopea nervosa and Parashorea tomentella in addition to reduced Ca and

Mg in Hopea nervosa (Brearley 2003). I have also shown, through stable isotope

analysis, that EcM dipterocarps can also obtain more N from organic material

(Brearley et al. 2003) with a positive correlation found between % EcM colonisa-

tion and uptake of organic N.

An inoculation experiment that purports to show increases in nutrient uptake of

Shorea seminis when inoculated with two EcM species is that of Turjaman et al.

(2006). Total shoot N and P contents were indeed greater in the EcM inoculated

seedlings but, surprisingly, on a dry-weight basis, inoculation actually led to a

decrease in concentrations of these elements in the shoot (up to 55% in the most

extreme case). Smits (1983) also considers that dipterocarp EcMs may be providing

thiamin to plants although, in the absence of a strong presentation of data, we

should discount this hypothesis for now.

Increased nutrient concentrations within plants are generally likely to lead to

improved growth, and the role of foliar nutrients in determining seedling perfor-

mance is also important during out-planting as it has been shown that higher levels

of foliar N allow dipterocarp seedlings to better avoid photodamage when trans-

ferred to high irradiance conditions and to allow more rapid acclimation to these

conditions (Bungard et al. 2000).

1.4 Inoculation Experiments

Many of the inoculation experiments reported are in the grey literature and have a

number of shortcomings. The most serious of these is that they are poorly reported

and do not provide sufficient detail for the experiments to be evaluated fully nor

repeated by other researchers. Pseudoreplication or the lack of statistical analyses in

many cases also makes evaluation of the results problematic. In this chapter, I will

focus on papers which, I feel, have mostly overcome these shortcomings or are

otherwise noteworthy.
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The first reported experiment attempting to inoculate dipterocarp seedlings

with EcM fungi and determine seedling responses was that of Hadi and Santoso

(1988). They inoculated species of Boletus, Russula and Scleroderma using

pieces of chopped fruiting body on the roots of five dipterocarp seedling species.

A shortcoming of this experiment was that the roots were not examined to deter-

mine the extent of EcM formation by any contaminant fungi. Nevertheless, after

6 months growth, inoculation appeared to at least double seedling height in all

fungus/seedling combinations. Furthermore, their approach to inoculation is rarely

used as it is difficult to control the inoculum viability and potential supplied to the

roots with this method.

Initial experiments, using chopped root inoculum (Lee and Alexander 1994),

found that EcM colonisation increased plant dry weights in Hopea odorata and

Hopea helferi. This increase was generally greatest in the absence of additional

nutrients supplied to the soil. However, the problem with experiments using root

inoculum is that the species of fungi on the inoculant roots cannot be determined

and therefore controlled experiments using defined EcM species are needed. In

Malaysia, inoculation experiments have focussed on strains of Pisolithus species
and a member of the Thelephorales (FP160: Lee et al. 2008). In Indonesia, the use

of Scleroderma for inoculation appears more popular although the range of species

being used has increased recently (Turjaman et al. 2007).

1.4.1 Inoculation with Single Species

1.4.1.1 Malaysian Inoculation Experiments

In Malaysia, exotic Pisolithus isolates from Brazil (Pt 441 originally from under

Eucalyptus citriodora) and Thailand (Pt msn) were effective at forming EcMs

on four dipterocarp seedling species (although there was a certain degree of host-

fungal compatibility with one or other Pisolithus isolate having a greater % EcM on

each of the seedling species; Lee et al. 1995). Using Chilvers et al.’s (1986)

cardboard inoculum technique, Yazid et al. (1994) showed that Pt 441 formed a

high percentage of functional EcM colonisation (c. 80%) on Hopea odorata and

Hopea helferi and that this increased the growth (dry weights increased by 7.3 and

3.6 times, respectively) and foliar P concentrations (by at least 40%) after 9 months

growth. Similar results in terms of the growth of Hopea odorata were seen

(although with a lesser growth response) when coconut husk:vermiculite inoculum

was added in a ratio of 1:4 to a sterilised soil:sand mix (Yazid et al. 1996). In

contrast, problems were found when trying to inoculate a local species: Pisolithus
aurantioscabrosus (Lee et al. 1995). Why this is, is not clear but may simply

reflect the ability of Pisolithus tinctorius to form EcMs with a wide host range

(Martin et al. 2002), whereas Pisolithus aurantioscabrosus has only been reported

to be associated with Shorea parvifolia and Shorea macroptera to date (Watling

et al. 1995a, b; Martin et al. 2002).
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Initial tests of successful inoculation between Hopea odorata and Hebeloma
crustulinifome (Lapeyrie et al. 1993) were reported, but growth responses were not

shown and this exotic European strain does not appear to be used any more. Recent

work has focussed on Thelephoraceae FP160 (Lee et al. 2008), which significantly

increased stem height, root length and biomass of Hopea odorata after 6 months

growth in the nursery by 30%, 62% and 40%, respectively (Lee et al. 2008).

It currently appears very difficult to bring further tropical dipterocarp-associated

EcM species into culture (S.S. Lee, pers. comm.), and the species that are being

used form a very limited subset of those available. The best approach here would be

a wide-ranging screening using a variety of fungal structures, media and growth

conditions although, of course, this will be very labour intensive with potentially

little reward. Perhaps, the floating culture technique of Sangtiean and Schmidt

(2002) may help South-east Asian researchers to culture some of the later stage

EcM species found in these forests. This technique allowed Sangtiean and Schmidt

(2002) to carry out culture experiments on Amanita, Lactarius and Russula species,
which are common in South-east Asian forests (see above).

1.4.1.2 Indonesian Inoculation Experiments

In Indonesia, the use of Scleroderma species (and especially Scleroderma colum-
nare) appears to be favoured, probably from the initial work of Ogawa (1993,

2006) in the early 1990s. Sadly, much of this early work is difficult to evaluate as

it is not clearly reported (e.g. Supriyanto et al. 1993; Kikuchi 1997) but, more

recently, a number of much better controlled inoculation experiments have been

conducted by Turjaman et al. (2005, 2006, 2007). They showed that the growth of

Shorea pinanga was improved by the addition of spore tablets of Pisolithus
tinctorius (aka Pisolithus arhizus) and Scleroderma columnare species. Both

fungal species improved the growth of Shorea pinanga (150% increase in dry

weight after 7 months) although there was some EcM colonisation of the controls.

Survival rates (86–87%) were also much higher than the control (16%), which is

an equally important factor to take into consideration when planning reforestation

schemes. In a follow-up experiment (Turjaman et al. 2006), tabletted spore

inoculum was compared with alginated bead mycelial inoculum of Pisolithus
tinctorius and Scleroderma columnare. Percentage EcM colonisation was higher

(61–65%) when seedlings were inoculated with spores than with mycelium

(35–37%), and there was, again, at least a doubling of dry weight after 7 months

growth. In the most recently reported experiment (Turjaman et al. 2007), inocula-

tion of four fungal species on the roots of Shorea balangeran increased seedling

growth. Whilst we might expect the use of Boletus sp., Scleroderma sp. and

Strobilomyes sp. to increase seedling growth as these are known to be EcM

forming fungi, the use of Calvatia sp. also increased seedling growth, which

was unexpected as this is not thought to be an EcM forming genus (Rinaldi

et al. 2008).
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1.4.2 Other Inoculation Methods

1.4.2.1 Mycorrhizal Tablets

Where sterile facilities are not available to cultivate species aseptically, researchers

have used “mycorrhizal tablets”. In this case, spores or mycelium are mixed with a

carrier (clay or alginate beads) and applied to seedlings’ rooting zones to allow

hyphal contact and subsequent EcM formation. The first record of this in the South-

east Asia region appears to be that of Ogawa (1993). Species used for this method

are often those such as Scleroderma species, which have the advantage that

their spores can be collected much more easily from their enclosed fruit bodies

than many other gilled or pored fruit bodied species. Clay tablets at 1:100 (crushed

fruit bodies:clay) were used in the experiments by Turjaman et al. (2005, 2006), and

these showed increased growth of Shorea pinanga and Shorea selanica when

inoculated as compared with uninoculated controls. However, in such experiments,

there is a need to confirm that the tablets do not contain additional nutrients that

might improve seedling growth in the absence of a mycorrhizal effect.

1.4.2.2 Mother Tree Inoculation

Other inoculation methods include inoculation from a colonised mother tree in the

nursery – in other words, simply letting newly germinated seedlings’ roots contact

hyphae already radiating out in the soil around established, colonised trees. This

method was first used by Roeleffs (1930, in Nara et al. 1999) to inoculate seedlings

of Pinus species. The technique, also known as inoculation beds, is a low-tech

method that allows EcM inoculation before planting-out but it can be rather

haphazard in terms of the speed and reliability of inoculation (see Kikuchi 1997).

For example, Ogawa (2006) shows a diagram of the spread of Scleroderma colum-
nare fruiting bodies through a nursery containing seedlings of Shorea leprosula and
Shorea academica to be between 1 and 2 m per year.

1.4.3 Production of Inoculum

In order to produce inoculum rapidly, conditions for the optimum growth of fungi in

culture should be evaluated. For example, Patahayah et al. (2003a) showed that the

most rapid growth of Pisolithus albus (aka Pt Gemas) was obtained at 25�C when

grown on Oddoux medium but at 30�C when grown on MMN or Pachlewski’s

medium (Patahayah et al. 2003b). We have also shown that this species grows

best when N is supplied in an organic form (BSA in the experiments conducted;

Brearley et al. 2005). Thelephoreaceae FP160 shows best growth at 25�C
(Patahayah et al. 2003b) but has minimal preferences for N source (Brearley

8 F.Q. Brearley



et al. 2005). In terms of efficient spread of EcM inoculum in the nursery, Nara et al.

(1999) considered that seedlings are often maintained under sub-optimal conditions

in potted soil with a high clay content and hence poor aeration, thereby slowing

growth of fungal hyphae. They found that, by using a growth medium with particles

of 2–4 mm diameter, the optimum growth of EcM mycelium (Th1 on Shorea
roxburghii) was obtained. It is also important to consider the longevity of the

different forms of inoculum. For example, Fakuara and Wilarso (1993) showed

that mycorrhizal tablets remained effective up to 4 months in storage (this was the

longest period tested). More experiments are clearly needed in this area, with longer

test periods, to gain a better idea of spore longevity.

1.4.4 Field Experiments

There is now a need to determine how well inoculated seedlings and their symbiotic

EcM species survive in the wild when seedlings are out-planted. This is important

as, if considerable effort is being put into inoculation programmes, this is simply

being wasted if seedlings or their inoculant fungal species are dying unnecessarily.

Furthermore, in terms of reforestation schemes, growth is not necessarily the most

important parameter, seedling survival is arguably equally as important.

Chang et al. (1994, 1995) showed that the species of Pisolithus in the Malaysian

inoculation experiments noted above did not remain competitive when colonised

seedlings of Shorea glaucawere planted into the field; indeed Pisolithus had mostly

disappeared from the roots after 6 months suggesting that they are either early stage

fungi, or are poorly adapted to the biotic or abiotic environments of the Malaysian

forest soils. Using Thelephoraceae FP160, Lee et al. (2008) found it to remain

competitive on the roots of seedlings (Hopea odorata and Shorea leprosula) for up
to 23 months after out-planting in a sandy tin mine tailings site (after this time

contaminant EcM fungi had only colonised up to 15% of the root tips of less than

half the seedlings). However, the improved growth of Hopea odorata seen in

the nursery due to inoculation with this fungus (see above) was not seen in the

field (by measurement of root collar diameter) and improved growth of Shorea
leprosula was only seen for up to 3 months following out-planting. Under field

conditions, I found that the reduction in EcM colonisation by fungicide addition

to the roots of two species (Hopea nervosa and Parashorea tomentella) did not

lead to changes in seedling growth but that foliar nutrient concentrations were

reduced (Brearley 2003). In field experiments in a degraded peat swamp forest in

Kalimantan, Turjaman et al. (2007) showed that a spore suspension of Boletus sp.
and Scleroderma sp. applied to the seedling rooting zone led to increased growth of
Shorea balangeran but application of Calvatia sp. and Strobilomyces sp. did not.

For the two fungal species that were beneficial, it took around 8 months for growth

improvements to be seen, perhaps due to the very wet conditions at the start of the

experiment (Turjaman et al. 2007). However, it is difficult to determine if the

species applied were those that maintained improved seedling growth as the roots
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at the end of this 40-month experiment were not examined to determine which EcM

fungi were present – it would have been a notable improvement to the study design

to do this. The study of Tata et al. (2009) did report this examination at the end of

their experiments with Shorea selanica and Shorea lamellata, which were inocu-

lated with spore tablets of Scleroderma columnare and planted in natural forests or

rubber agroforests in Sumatra. Their results were complex but did not show

consistent increases in growth, performance or survival of the two dipterocarp

species over a 2-year period. It is notable that, among the 19 EcM types they

identified using PCR-RFLP at the end of the experiment, none of them were

Scleroderma species indicating that the inoculated fungus did not remain competi-

tive on the roots for more than this length of time.

There is clearly a need to further evaluate the growth and survival of inoculated

seedlings in the field as positive responses to EcM inoculation in the ecologically

simplified, and somewhat benign, nursery environment are unlikely to be represen-

tative of that found at out-planting sites. There is an argument to be made to use

indigenous species for inoculation schemes as they are anticipated to be the most

effective, but we may also need to consider the potential impact of biological

invasions if using exotic fungal species (Vellinga et al., 2009).

1.5 Under What Conditions Will EcM Inoculation

Be Beneficial?

Whilst the body of this chapter thus far has outlined how inoculation with EcM fungi

may improve dipterocarp seedling growth, and the various methods to do so, it is

certainly worth considering whether inoculation should indeed be conducted at all. In

the first paper on dipterocarp EcMs, Singh (1966) noted that “mycorrhizal infection

should not be taken as the ‘cure of all ills’ in the establishment of trees in all sorts of

habitats”, and this warning still stands, more than 40 years later. I now pose three key

questions for consideration before starting to plan inoculation schemes.

It is often considered that there is a need to inoculate seedlings prior to out-

planting but, in fact, in most cases inoculation will occur naturally, and inoculation

schemes may not yield any major benefits for seedling growth or survival (although

we cannot be confident that the same species, or most beneficial species, of EcM

fungi will be formed on each seedlings’ roots every time). The first key question is,

therefore, will inoculation be of benefit to the seedlings? The major benefits of

inoculation are knowing that a seedling, at out-planting, is mycorrhizal with a

known species of fungus which is functionally beneficial, and thus it will not

need to wait to form EcMs with an unknown group of fungi present in the soil

which may or may not promote seedling growth; this gives it something of an initial

advantage over any out-planted non-mycorrhizal seedlings. However, the main

benefits of inoculation are more likely to be shown under poor soil conditions, as

I outline below.
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1.5.1 Successful Inoculation Schemes

For inoculation schemes to be successful, a series of well-defined and consistently

repeatable techniques is needed. In other words, a pure culture of inoculum is

needed to allow a regular supply, and currently there are very few fungal species

being maintained in pure culture in the South-east Asian region. Access to a

laboratory with sterile facilities is needed which may be problematic for a number

of sites. In the absence of this, the production of mycorrhizal tablets may be useful

although vagaries of fungal fruit body production and genetic variation between

individual genets will remain unaccounted for. Infrequent production of dipterocarp

seeds can make regular production of planting stock difficult although production

of cuttings from a selected number of dipterocarp species now appears fairly routine

(Moura-Costa and Lundoh 1994; Itoh et al. 2003; Haji Ahmad 2006). It must also

be shown that the inoculant fungus has the ability to improve seedling growth or

survival over that of non-inoculated seedlings under field conditions. It appears

much easier to culture species such as Pisolithus or Scleroderma but it must be

remembered that these species are not necessarily those which are most beneficial

to seedling growth or, indeed, are found commonly on dipterocarp seedling roots.

1.5.2 When and Where to Inoculate?

It is often suggested that inoculation may be beneficial for seedlings planted

following logging operations. However, in most cases after logging, there are still

a number of smaller dipterocarp trees which will have EcM fungi associated with

them and, as long as the light conditions are not detrimental to seedling growth, this

should allow the rapid formation of EcMs on seedlings by hyphae, sclerotia and

spores already present in the soil (Lee et al. 1996; Ingleby et al. 1998). There is little

evidence so far that selective logging seriously impoverishes the fungal flora

(Watling et al. 1998) although there is an indication of a loss of the some of the

rarer EcM species in logged forest (Lee et al. 1996). Out-planted dipterocarp

seedlings are almost certain to become colonised within a short period of time as

long as they have below-ground access to roots and mycelium radiating from adult

trees (Lee 1991; Alexander et al. 1992; Lee and Alexander 1996; Lee et al. 1996).

The second key question is, therefore, is inoculation beneficial under all situations?

If not, which situations or conditions are most likely to be improved by inoculating

seedlings prior to out-planting?

Inoculation is considered more likely to be of benefit when seedlings are planted

in areas where suitable EcM inoculum is not available. This may include severely

degraded areas such as mine tailings (Lee et al. 2008), burnt areas (Akema et al.

2009), degraded peatlands (Turjaman et al. 2007) and areas previously used for

agriculture (Ingleby et al. 2000). For example, Ingleby et al. (2000) found that the

inoculation potential of soils which had been under agriculture for over 20 years
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was essentially absent when compared with an undisturbed forest or plantation in

Vietnam. The work of Turjaman et al. (2007) in degraded peat swamp forest is also

of relevance here as they showed improved growth of inoculated dipterocarp

seedlings when out-planted in a degraded area.

The final key question is, is simply adding colonised soil appropriate as inocu-

lum? In many cases, local soil from the vicinity of dipterocarp trees may be equally

as effective as any inoculation schemes although these EcMs are not necessarily the

best species to promote seedling growth and there is no way to control which fungal

species successfully colonise the seedlings’ roots. Smits (1992) outlines a simple

method by which large numbers of seedlings can be inoculated by soil colonised by

EcM hyphae and spores. He advocates the use of soil collected from beneath an

adult tree of the same species, but this is based on his weak assertions (Smits 1983,

1985) of a high degree of host specificity. I suggest it is equally likely that host-

specific pathogens will be present (Packer and Clay 2000) and therefore suggest a

general soil inoculum but ensuring that it is collected in the vicinity of dipterocarps.

In the absence of any other schemes, the inclusion of forest soil should be seen as

the minimum to ensure early EcM colonisation of dipterocarp seedlings.

1.6 Conclusions

Whilst EcMs are often thought to be essential for the successful growth of diptero-

carp seedlings, there is surprisingly little evidence confirming this assertion under

natural conditions. In nursery experiments, mycorrhizal inoculation has regularly

been shown to increase seedling growth and nutrient concentrations, but when

similar experiments have been conducted in the field, the results are much more

equivocal with inoculation often showing minimal improvements in growth if

seedlings are planted in natural forests (e.g. Tata et al. 2009). If inoculated seedlings

are planted in degraded soils, the improvement in growth is often more marked

although these improvements may not be maintained if the inoculated fungus does

not remain competively dominant on the seedlings’ roots. I therefore suggest that

researchers and forest restorationists carefully consider whether EcM inoculation is

of benefit in the areas they plan to re-plant.
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Chapter 2

The Ectomycorrhizal Symbiosis in South

America: Morphology, Colonization,

and Diversity

Alejandra G. Becerra and Marcelo R. Zak

2.1 Introduction

About 95% of the world’s living species of vascular plants belong to families that

are characteristically mycorrhizal (Trappe 1977). The symbiotic root–fungus asso-

ciations result from the coevolution between plants and fungi, which determined

mycorrhizae to be the norm in terrestrial plant nutrition, not the exception (Trappe

1977, 1987, Brundrett and Cairney 2002).

Among the seven types of mycorrhizae widely described (arbuscular, arbutoid,

ectendo, ecto, ericoid, monotropoid, and orchidaceous), both arbuscular mycorrhi-

zae (AM) and ectomycorrhizae (ECM) are the most abundant and widespread in

forest communities (Allen et al. 2003; Smith and Read 2008).

Forest communities cover approximately 33% of the world’s land surface

(Rumney 1968) being ECM the most frequent and widespread mycorrhizal type

in forests and woodlands of cool temperate and boreal latitudes. Forests character-

ized by the dominance of ECM woody species would have extended both through-

out the hemispheres and upwards in mountain areas at the expense of AM

woodlands (Malloch et al. 1980). On the other hand, even though various tropical

and subtropical trees throughout the world also form ECM (Moyersoen et al. 1998a, b,
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Cátedra de Recursos Naturales y Gestión Ambiental, Departamento de Geografı́a, Universidad
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2001; Pérez-Moreno 1998; Founoune et al. 2002; Onguene and Kuyper 2002), most

of them form AM (Alexander 1989). This AM are obligate symbionts belonging to

the Glomeromycota phylum (Sch€ußler et al. 2001), which have been found in trees,
shrubs, and herbs in all tropical regions (Janos 1980, 1985; Béreau et al. 1997;

Smith and Read 2008).

According to Singer and Morello (1960), ECM forests in South America con-

tinue the important ectomycorrhizal complex of Central America into Colombia,

where Quercus sp. (Fagaceae) appears. There is also a strip formed by Alnus
acuminata Kunth (Betulaceae) extended from Venezuela to Argentina, while the

largest and most important ectomycorrhizal area, the Nothofagus (Fagaceae) region
extends from 33� to 50�S. Beyond these naturally occurring forests, human activity

made possible the existence of many ECM forests of plant species naturally found

in the Northern Hemisphere, such as Pinus sp., Eucalyptus sp., Populus sp., Salix
sp., Larix sp., Cedrus sp., Betula sp., and Quercus sp. (Singer and Morello 1960)

with their ECM fungi of European and North American origin.

On this basis, the general aim of the present chapter is to review the ECM

symbiosis in South America with particular emphasis on its anatomical character-

istics. This will provide an organized structure essential for the better under-

standing of the plant–fungus mutualism in ectomycorrhizal associations in South

America, so adding new tools for the management and conservations of threatened

ecosystems.

2.2 ECM Studies in South America

The tradition on ECM research in South America is important. The great diversity

of available studies covers descriptions of mycorrhizal status, ECM fungi, inocula-

tions, colonization, and morphological characterization. Unfortunately, and due in

part to their abundance but often also to their inaccessibility, it is not possible to aim

at describing the whole array of studies carried throughout the continent. Therefore,

this chapter pretends to summarize the wide range of families and genera of

Angiospermae and Gymnospermae forests growing in South America in which

ectomycorrhizal studies have been carried.

Most ECM fungi can associate with various host plants, while the opposite is

also true, being it possible for a single host to form ECM with a number of different

fungi (Moyersoen 1993). Most studies analyzed (Table 2.1) present lists of ecto-

mycorrhizal fungi (most of which belong to the Basidiomycota phylum) and

taxonomic descriptions in exotic plants such as Pinus (P. radiata, P. elliottii),
Eucalyptus (E. citriodora, E. dunii, E. robusta), and Quercus. Among endemic

plants, most studies have been carried out in Nothofagus (N. obliqua, N. dombeyi,
N. alpina) forests. Besides, some of the associations found in these forests

are established with fungi species from exotic plantations (P. radiata en Chile)

(Garrido 1986).
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eñ
a
et

al
.
(2
0
0
7
),

(8
7
)
B
ar
ro
et
av
eñ
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In South America, most studies on mycorrhizal status and ECM colonization

deal with the Fagaceae, Fabaceae, Nyctaginaceae, and Polygonaceae families

(Table 2.1). For the Nothofagus spp. forests of Chile, a colonization of 1.8–4.8%

and 19.6% has been reported by Carrillo et al. (1992) and Palfner et al. (2008),

respectively, while for the Nothofagus spp. forests of Argentina, it is of 79%

(Diehl et al. 2008). Meanwhile, for some genus of the Fabaceae family, Frioni

et al. (1999) reported a colonization that ranges between 17 and 36%, while

Moyersoen (1993) reported a 65% colonization for Aldinia kunhardtiana.
Most studies carried out for the Nyctaginaceae and Polygonaceae families refer

to the status of their species in terms of presence/absence of ECM (Singer and

Araujo 1979, St John 1980, Janos 1980, Béreau et al. 1997). In the particular case

of Neea obovata, N. robusta, and Guapira sancarlosiana (Nyctaginaceae), coloni-

zation was 100%, 7%, and 96%, respectively, while it was of 56% in Coccoloba
excelsa (Polygonaceae) (Moyersoen 1993).

Inoculation technologies appear as an alternative to the use of fertilizers since

they reduce both the costs of production and environmental contamination

(Garbaye 1990). ECM inoculations in South America have been carried almost

exclusively in introduced plants (Eucalyptus spp., Pinus spp., and Pseudostuga
menziesii), with the exception of Nothofagus spp. and Alnus acuminata. For this,
various techniques have been applied: spores from sporocarps mainly belonging to

the Basidiomycota phylum (Alpova diplophloeus, Laccaria laccata, Rhizopogon
roseolus, Suillus granulatus, among others); ECM culture micelia (micelia, airlift

bioreactors) in Eucalyptus spp. and Pinus spp.; and natural soil (potential inoculum)

for Pinus spp., Pseudotsuga menziesii, Eucalyptus dunii, E. citriodora, Nothofagus
alpina, N. dombeyi, and Alnus acuminata. All three techniques have been used for

introduced trees, while only spores and natural soil have been used for native

species.

2.3 Morphological and Anatomical Features of the ECM

in South America

The morphological and anatomical description of mycorrhizae and the identifi-

cation of their fungal partners are prerequisites for recognizing mycorrhizal biodi-

versity in ecosystems (Agerer 1991; Miller et al. 1991). Meanwhile, the occurrence

of natural ECM associations in the indigenous vegetation types from South

America has been virtually unexplored.

Table 2.2 summarizes the volume of ECM anatomotypes described in South

America for both native and introduced plants. Four anatomical complexes for

recognition of fungal relationships were used: (a) structure of outer mantle layers

in plan view, (b) structure of rhizomorphs, (c) shape of cystidia, and (d) features

of emanating hyphae (Agerer 1999, 2006). Besides, the cross section of mantle

area (e) was also considered, which showed useful for comparing the relative
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importance of the fungal partner in different plants for different ecosystems,

climates, and soils (Landim de Souza 2003). Table 2.2 does not consider morpho-

logical descriptions of seedlings grown under greenhouse conditions since, as

Agerer (2006) states, descriptions of ECM that are exclusively based on synthe-

sized material often do not provide features occurring in nature.

Out of the 85 ECM anatomotypes described in the different studies (every ECM

not identified to the species level was considered to be a different ECM), 35 were

identified up to their species, 20 to their genus, 5 to supraspecific groups, 1 to its

phylum, 4 were unidentified ECM morphotypes published under a binomial name

(Agerer 1986, 1987–2002, 1994, 1999), and 20 were unidentified ECM anatomo-

types lacking a name.

The associated fungi recorded in the 85 ECM descriptions were mostly Basi-

diomycota (55) and Ascomycota (6), although in 29 descriptions, the fungal

division could not be determined.

Morphotypes belonging to the Helotiaceae family (Ascomycota) showed plec-

tenchymatous mantles or, exceptionally, no mantle, as seen in Graffenrieda emar-
ginata from Ecuador (Haug et al. 2004). Cenococcum, the most cosmopolitan

morphotype, showed a black plectenchymatous mantle forming a characteristically

star-like pattern and frequently numerous black hyphae. Morphotypes belonging to

the Tuberaceae family showed a pseudoparenchymatous mantle with irregular cells

and awl-shaped cystidia.

Fungal families in the Basidiomycota were represented in ECM descriptions

as follows: Amanitaceae (2), Atheliaceae (1), Bolbitiaceae (1), Boletaceae (4),

Clavulinaceae (2), Cortinariaceae (11), Ramariaceae (1), Rhizopogonaceae (6),

Russulaceae (10), Paxillaceae (3), Sebacinaceae (1), Suillaceae (1), Thelephoraceae

(8), plus four supraspecific groups: Inocyboid (1), Russuloid (1), Thelephoroid (1),

and Tomentelloid (1).

Boletoid rhizomorphs were present in most Boletaceae, Paxillaceae, Rhizopo-

gonaceae, and Suillaceae ECM of Boletales families. In general, these morphotypes

showed plectenchymatous mantles frequently with ring-like patterns and the pres-

ence of crystals.

Among the Russulaceae, and as Agerer (2006) states, russuloid rhizomorphs are

combined with plectenchymatous mantles. Meanwhile, Russulaceae species with

pseudoparenchymatous mantles do not form rhizomorphs at all.

ECM belonging to the Cortinariaceae family was characterized by an extrama-

trical organized mycelia and undifferentiated or slightly differentiated rhizo-

morphs, while ECM of the Thelephoraceae family was characterized by a

heterogeneous mantle type assemblage (Agerer 2006). In this ECM, anatomotypes

plectenchymatous and pseudoparenchymatous mantles were found. Different from

Agerer (2006), the morphotype associated with Amanita muscaria (Amanitaceae)

showed a plectenchymatous mantle, while the Sebacina sp. morphotype (Sebaci-

naceae) presented rhizomorphs.

The morphotypes of Amphinema byssoides (Atheliaceae), Descolea anarctica
(Bolbitiaceae), and Gautieria inapire (Ramariaceae) show similar characteristics

than those described by Agerer 2006.
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2.4 Conclusion

Although more than 90% of terrestrial plants are associated with mycorrhizal fungi,

and two-thirds of them are AM, ECM tree species are also notorious in South

American forests. This review summarizes the ectomycorrhizal studies carried out

in the neotropical ecozone and provides information about ECM fungi and their

anatomical characteristics.

The analyzed studies reveal that most fungal symbionts are Basidiomycota, and

that most studies on mycorrhizal status and ECM colonization deal with the

Fagaceae, Fabaceae, Nyctaginaceae, and Polygonaceae families. Meanwhile,

the three inoculum techniques (spores from sporocarps, culture mycelia, and natural

soil) have been used for introduced trees (Eucalyptus spp., Pinus spp., and

Pseudostuga menziesii), whereas only spores and natural soil have been used for

native species (Nothofagus spp. and Alnus acuminata). The associated fungi

recorded in the 85 ECM anatomotypes reviewed were mostly Basidiomycota and

a few Ascomycota, mostly found on native species (77%).

An important byproduct of this review is the realization of the existence of many

gaps in the existing knowledge of ECM in South America. This suggests

that mycorrhizologists should focus on little known/studied geographic areas,

ecosystems, host trees, and fungal groups to reveal those aspects of the ECM

symbiosis in South America, which may have practical applications in, for

example, afforestation and environmental management programs. This knowledge

may also be an important contribution to the conservation community, in a time

when firsthand knowledge for urgent decisions is required.
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Barroetaveña C, Cázares E, Rajchenberg M (2006) Mycorrhizal fungi of Pseudotsuga menziesii,
an introduced tree species in Central Patagonia (Argentina). Nova Hedwig 83:53–66
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Béreau M, Gazel M, Garbaye J (1997) Les symbioses mycorhiziennes des arbres de la Forêt

tropicale humide de Guyane francaise. Can J Bot 75:711–716

Borges de Souza LA, Silva Filho GN, Lopes de Oliveira V (2004) Eficiência de fungos ectomi-

corrı́zicos na absorção de fósforo e na promoção do crescimento de eucalipto. Pesq Agropec

Bras 39:349–355

36 A.G. Becerra and M.R. Zak



Borges de Souza LA, Pinto Bonnassis PA, Silva Filho GN, Lopes de Oliveira V (2008) New

isolates of ectomycorrhizal fungi and the growth of eucalypt. Pesq Agropec Bras 43:235–241

Brandán de Weth CI (2006) Estudio de micorrizas en zonas disturbadas, no disturbadas y en

recuperación, en el Parque Biológico Sierra de San Javier (PSSJ). National University of

Tucumán, Tucumán, Argentina

Brundrett MC, Cairney JWG (2002) Ectomycorrhizas in plant communities. In: Sivasithamparam

K, Dixon KW, Barret RL (eds) Microorganisms in plant conservation and biodiversity. Kluwer

Academic Publishers, Dordrecht, The Netherlands, pp 105–150

Carrillo R, Godoy R, Peredo H (1992) Simbiosis micorrı́cica em comunidades boscosas del Valle

Central en el Sur de Chile. Bosque 13:57–67

Castillo CG, Borie F, Godoy R, Rubio R, Sieverding E (2006) Diversity of mycorrhizal plant

species and arbuscular mycorrhizal fungi in evergreen Forest, deciduous Forest and grassland

ecosystems of Southern Chile. J App Bot Food Qual 80:40–47

Daniele G, Becerra A, Crespo E (2005) Amanita muscaria (Basidiomycota) y su asociación

micorrı́cica con Cedrus deodara (Pinaceae) en las sierras de Córdoba, Argentina. Bol Soc
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liptus. Rev Agr Micologı́a 9:3–9

Halling RE (1989) A synopsis of Colombian Boletes. Mycotaxon 34:93–113

Haug I, Lempe J, Homeier J, Weiß M, Setaro S, Oberwinkler F, Kottke I (2004) Graffenrieda
emarginata (Melastomataceae) forms mycorrhizas with Glomeromycota and with a member of

the Hymenoscyphus ericae aggregate in the organic soil of a neotropical mountain rain forest.

Can J Bot 82:340–356

Haug I, Weis M, Homeier J, Oberwinkler F, Kottke I (2005) Russulaceae and Thelephoraceae

form ectomycorrhizas with members of the Nyctaginaceae (Caryophyllales) in the tropical

mountain rain forest of southern Ecuador. New Phytol 165:923–936

Henkel TW (1999) New taxa and distribution records for Tylopilus from Dicymbe forests of

Guyana. Mycologia 91:655–665

Henkel TW, Aime MC, Miller SL (2000) Systematics of pleurotoid Russulaceae from Guyana and

Japan, with notes on their ectomycorrhizal status. Mycologia 92:1119–1132

Henkel TW, Terborgh J, Vilgalys RJ (2002) Ectomycorrhizal fungi and their leguminous hosts in

the Pakaraima Mountains of Guyana. Mycol Res 106:515–531

Hentz de Mello A, Antoniolli ZI, Kaminski J, Lorensi Souza E, Lopes Oliveira V (2006) Fungos
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Amazonas (Colombia). Biota Colombiana 6:127–140
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Chapter 3

Ectomycorrhizal Inoculum and Inoculation

Techniques

Ivan Repáč

3.1 Introduction

ECM symbiosis plays an important role in physiology, ecology, resistance, produc-

tion, and other aspects of life of a single trees, populations, and ecosystems of

ectotrophic forest tree species. Among the various ways of improving the early

growth and survival of forest plantations, controlled mycorrhization by inoculating

seedlings with selected fungal strains is an energy-efficient and environment-

friendly alternative to fertilization or soil tilling (Kropp and Langlois 1990; Marx

1991; Garbaye and Churin 1997). Trees planted particularly in soils deficient in

ECM fungi (e.g., mine spoils, polluted areas, agricultural, and other treeless lands)

and even in routine reforestation sites may benefit greatly from ECM inoculation

(Marx 1991; Castellano 1996; Querejeta et al. 1998; Duñabeitia et al. 2004; Núñez

et al. 2006), although the positive effect of inoculation is not consistent (Castellano

1996; Corrêa et al. 2006; Menkis et al. 2007; Baum et al. 2009). Several types of

natural and laboratory-produced inocula and several application techniques have

been used for seedling inoculation. Forest soil, litter, humus, or excised ectomycor-

rhizae were substituted by fungal spores and mycelial inoculum (Marx and Bryan

1975; Le Tacon et al. 1983; Duponnois and Garbaye 1991; Parladé et al. 1999).

Vegetative inoculum appears to be the most appropriate and effective method of

inoculation (Marx and Kenney 1982; Mortier et al. 1988; Garbaye and Churin 1997;

Rincón et al. 2007). Artificial mycorhization with vegetative inoculum consists of

several steps – selection of ECM fungi, isolation and maintenance of fungi in pure

cultures, preparation of fungal inoculum, and inoculation of seedlings.

A large body of literature exists on ECM inoculum preparation and application

in a research scale; a comprehensive review of the literature and of all aspects of

this topic is impossible. Although there have been previous studies on inoculum

preparation and inoculation techniques, this chapter attempts to bring together a
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brief review of the major inoculum types and methods of their application devel-

oped and to offer a list of selected references as a source of other literature and

detailed description of a particular material, procedure or product.

3.2 Isolation and Manipulation of Fungal Pure Cultures,

Nutrient Media

Isolation, cultivation, and maintenance of ECM fungal cultures are crucial phases in

artificial mycorrhization of forest tree seedlings (Molina and Palmer 1982). Many,

but far from all, fungi can be cultivated in pure culture in the laboratory under

controlled conditions. The fungal tissues are most commonly isolated from young

and healthy fruit bodies as soon as possible after collection but can also be isolated

from surface sterilized ectomycorrhizae, sclerotia, and rhizomorphs (Molina and

Palmer 1982; Obase et al. 2009). The pieces of the tissues are usually transferred to

sterile glass tubes on agar nutrient media. Tissue transfers and fungal cultures are

incubated in the dark at 21–24�C for 2–6 weeks. Between the cultivation cycles the

stock cultures are stored approximately for 2 months at 2–4�C. Higher rates of agar
cultures are cultivated in Petri dishes and submerged cultures in Erlenmeyer flasks.

One of the most common nutrient media was the Modess modification of the

Hagem semisynthetic formula (Molina and Palmer 1982). Modess medium was

further modified (e.g., amended with thiamine by Timonen et al. 1997) and is still

used (e.g., Niemi et al. 2006). Modified Melin–Norkrans medium (MMN) (Marx

1969) is probably the most used worldwide for experimental procedures (e.g. Fortin

et al. 1980; Wong and Fortin 1989; Repáč 1996a; Gáper et al. 1999; Parladé et al.

1999). The original solution was a synthetic solution (no malt extract) with only

25 mg of thiamine and 2.5 g of glucose. MMN altered by Vrålstad et al. (2002)

contained only 1.0 g of glucose to reduce possible adverse effects on ECM

formation caused by high levels of exogenous carbon. MMN was also modified

by Niemi et al. (2002) and Langer et al. (2008). Pachlewski medium (Pachlewski

and Pachlewska 1974) was used, e.g., by Duponnois and Garbaye (1991) and

Parladé et al. (1999). Moore et al. (1989) cultivated cultures of fungus Cantharellus
cibarius on special species-specific C-medium. In the study of Guerin-Laguette

et al. (2003), stock cultures were maintained on agar medium proposed by Ohta

(1990), and mycelium was grown on Tween- or olive oil-supplemented A medium.

Fungal biomass increased up to 15-fold as a result of olive oil incorporation.

Basic components of natural media are leachates of various crops such as potato,

cabbage, wheat, and others. Although use of natural formulations is less frequent

than semi-synthetic or synthetic ones, potato dextrose agar (PDA) was used in the

past years, e.g., by Parladé et al. (1996a) and Giomaro et al. (2002). MMN (Marx

1969), BAF (Moser 1960), KHO (Šašek and Musı́lek 1967), and malt–peptone

(50 ml of brewery wort + 5.0 g of peptone to 1,000 ml of H2O) media are used for

manipulation of fungal cultures in our laboratory of Department of Silviculture,
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ForestryFaculty,TechnicalUniversity inZvolen,Slovakia (projectVEGA1/0516/09).

The media are changed in recultivation cycles to support the vitality and resistance

of cultures.

3.3 Synthesis of Ectomycorrhizae in Controlled Conditions

Syntheses of ECM in controlled conditions are important techniques for verification

of symbiotic relationships (compatibility) between intended fungi and host trees,

structural, physiological and biochemical studies, and ultimately the genetic control

of ECM formation. Depending on the research goal and synthesizing apparatus

either sterile, semi-sterile, or non-sterile techniques can be used. The purpose of this

Section (and also Sect. 3.4) is not a comprehensive categorization, but just a review

of some of the most often reported or meaningful inoculum types, methods of

inoculum preparation, and inoculation procedures. For better understanding, see

illustrations of the apparatus of synthesizing techniques, e.g., in the works of

Peterson and Chakravarty (1991), Duponnois and Garbaye (1991), and other related

literature cited.

3.3.1 Fungal Cultures Preparation

Fungi are applied into synthesis system most often as agar culture transfers.

Usually, agar cultures are grown on nutrient agar in Petri plates for 3–4 weeks,

then transferred onto fresh solid medium, and incubated for a few days. Several

plugs (5–8 mm diameter) are then aseptically removed and placed around the roots

in the synthesis apparatus. Mycelial agar plugs served as inoculum in Petri dish

synthesis systems, e.g., in experiments of Wong and Fortin (1989), Brunner (1993),

Gáper et al. (1999), Bending et al. (2002), Kr€uger et al. (2004), and Sarjala and

Taulavuori (2004). Fortin et al. (1980) used plugs of mycelium in ECM synthesis in

growth pouches, H€ogberg et al. (1999) and Giomaro et al. (2002) in vessels, and

Vrålstad et al. (2002) in conical flasks. In Petri dishes, Herrmann et al. (2004)

inoculated roots with a nylon sheet carrying 7–8 fungal plugs and Niemi et al.

(2006) using two filter paper strips covered by mycelium.

Apart from agar cultures, fungi are usually introduced into synthesis system

from liquid cultures (slurry of mycelium). Because the liquid cultures are shaken

just before inoculation, the numerous mycelial fragments will yield rapid and

uniform colonization of the synthesis substrate (Molina and Palmer 1982). Molina

(1979) cultivated mycelium in glass tubes filled with MMN nutrient solution and

small chips of broken glass; cultures were shaken periodically to fragment the

mycelium. In experiments of Duponnois and Garbaye (1991), Brunner (1993),

Parladé et al. (1996a), and Obase et al. (2009), fungal mycelium was grown for

3–4 weeks on a shaker in Erlenmeyer flasks containing liquid medium. The
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mycelium was then washed in tap water to remove residual nutrients, homogenized

in a blender for a few seconds, and resuspended in distilled water. Guerin-Laguette

et al. (2003) collected mycelium of Tricholoma matsutake grown in liquid medium

over nylon mesh filter, washed it thoroughly with and resuspended in 100 ml of

a modified nutrient medium (NM). Flores et al. (2008) reported cultivation of

Laccaria bicolor in flasks with semi-liquid MMN medium (1.5 g agar.l-1) in the

dark at 23�C. The mycelia obtained were filtered through a 65-mm net, washed

in sterile water to eliminate sugars and to reduce the growth of contaminants in

the seedling root systems, fragmented and homogenized by manual agitation,

and then resuspended in distilled water (70–80 g mycelium.l-1).

Vermiculite–peat (Marx and Bryan 1975) and alginate-bead (Le Tacon et al.

1983) inocula can be used in ECM synthesis at controlled conditions, even though

they are primarily used in the operational inoculations. Preparation of these inocu-

lum types is described in detail in Sect. 3.4.1.3. Mycelial plugs were laid on top of

vermiculite–peat mixture (4:5–1:5, v:v) moistened to field capacity with modified

liquid Pachlewski medium to prepare vermiculite–peat inoculum for synthesis in

sterile conditions (Duponnois and Garbaye 1991). Corrêa et al. (2006) and Martı́n-

Pinto et al. (2006) inoculated this substrate mixture with liquid fungal cultures.

Alginate-bead inoculum of Laccaria laccata was used to synthesize ectomycor-

rhizae in aseptic conditions of glass test tubes (Duponnois and Garbaye 1991) and

inoculum of Amanita rubescens and Hebeloma sinapizans in polyethylene pots in a
plant growth cabinet (Kozdrój et al. 2007).

3.3.2 Inoculation Techniques

3.3.2.1 Sterile Techniques

Petri Dishes

Petri plates are probably the most extensively used method of ectomycorrhiza

synthesis. Wong and Fortin (1989) described a Petri dish technique that avoids

limitations of previous ones. In Petri dish filled with sugar-free agar medium, two

sheets of nylon membrane sandwiched the root and were overlaid with a sheet of

filter paper to keep the exposed surface of the roots moist. Cotton rolls were placed

along the opposite edge of the Petri dish to absorb water which condensed during

incubation. The filter paper was removed and the fungal plugs were placed on the

membrane beside root laterals. Peterson and Chakravarty (1991) differentiated

between simple system, divided Petri plates, sandwich technique, and nylon mesh

method. Sandwich technique (mycelial plugs placed on cellophane sheets) was a

method of synthesis experiments conducted by Langer et al. (2008) on Populus
tremula plantlets. Mixture of vermiculite and peat seems to be a suitable substrate

for Petri dish synthesizing system (Duponnois and Garbaye 1991; Bending et al.

2002; Sarjala and Taulavuori 2004). Duponnois and Garbaye (1991) observed pure
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culture synthesis of Pseudotsuga menziesii–Laccaria laccata in autoclaved soil or

silica sand. Gáper et al. (1999) studied synthesis of Picea abies–Inocybe lacera and
Suillus bovinus in a mixture of perlite, peat, florex, and keramzit (7:2:2:1). Of

course, substrate is always autoclaved or sterilized regardless of the purpose of

ECM synthesis; in most instances substrate is disinfected or fumigated in other

inoculation experiments, including operational conditions. To protect fungus and

root system from direct illumination, Niemi et al. (2006) placed a semi-circle brown

paper on the lower part of the lid of 14-cm Petri dish. To reduce the loss of plants

during acclimatization, Kr€uger et al. (2004) placed a 90-mm Petri dish system in

a 140-mm Petri dish in which humidity was regulated with moistened paper.

Herrmann et al. (2004) transferred rooted micropropagated oak plantlets into

90-mm Petri dish rhizotrons. In this system, the roots grew two dimensionally

inside the dish, whereas the shoot developed outside. Between inoculation and

transfer to the growth chamber, the plants were kept in plastic bags moistened with

wet cotton sheets to reduce adaptation shocks for the shoots.

Flasks and Jars

Some of the early attempts to synthesize ectomycorrhizae under sterile conditions

were made by Melin using Erlenmeyer flasks containing sterile sand moistened

with a nutrient solution into which an aseptically germinated seedling and single

fungus culture were introduced (Peterson and Chakravarty 1991). Hacskaylo

improved the method by using vermiculite instead of sand (Molina and Palmer

1982). Peterson and Chakravarty (1991) described Mason jars and Leonard jars, in

which shoot of seedling remains in the environment and roots in aseptic conditions

inside the jars. Fungal inoculum can be added into flasks as plugs of actively

growing mycelium (Vrålstad et al. 2002) or as slurry of fungal hyphae (Brunner

et al. 1992) either before, at time, or after seedling introduction. Vermiculite, peat,

and particularly their mixture are mostly used as substrate since their advantages

had been detected and confirmed for ECM synthesis. Martı́n-Pinto et al. (2006)

transferred 7-day-old Pinus nigra seedlings to 45-ml sterile flasks containing 30 ml

of substrate (MMN, peat or vermiculite) colonized by the ECM fungi.

Test Tubes

Pachlewski and Pachlewska (1974) achieved good results to synthesize ectomycor-

rhizae between Pinus sylvestris and more ECM fungi in test tubes containing water

agar amended with thiamine. Molina (1979) used 300 � 38-mm glass test tubes

filled with 110 ml of vermiculite and 10 ml of peat moss moistened with 70 ml of

MMN nutrient solution to test a wide range of ECM fungi on Alnus species entirely
enclosed in tubes. Technique described by Molina (1979), modified with double the

amount of peat, was used by Parladé et al. (1996a). Within series of experiments

3 Ectomycorrhizal Inoculum and Inoculation Techniques 47



studying the biology of Pseudotsuga menziesii–Laccaria laccata symbiosis, Dupon-

nois and Garbaye (1991) used glass test tubes (3 � 15 cm) filled with autoclaved

peat–vermiculite (1:1, v:v) moistened to field capacity with modified Shemakanova

mineral nutrient solution. Inoculationwas carried out eitherwith (1) peat–vermiculite

inoculum mixed with substrate (1:10, v:v) or laid on top of the tube (1–2 cm), (2)

alginate-bead inoculum (five beads laid on top of the tube), or (3) mycelial suspen-

sion (injected with a syringe or deposited with a pipette). The roots were maintained

in axenic conditions, while the top of the plant developed outside the tube.

Polycarbonate Boxes

Guerin-Laguette et al. (2003) introduced mycorrhizal synthesis between Tricho-
loma matsutake and Pinus densiflora in the following substrate and apparatus: dry

soil, vermiculite, and moist Pinus densiflora bark (pieces of about 1 cm2) were

mixed together (1:1:1/v:v:v) before addition of distilled water supplemented with

olive oil. Wet substrate was autoclaved twice before distribution into sterile 920-ml,

wide-mouth, polycarbonate boxes (9.5 � 9.5 � 11.5 cm) and inoculation with

mycelial slurry (1 volume of slurry into 5 volumes of substrates). The substrate

(approximately 300 ml per box) was applied as five layers (60 ml each), each layer

being inoculated with the slurry before application of the following layer, i.e., 10 ml

of slurry for the first two layers, 20 ml for the next two, 0 ml for the last one. Five

sterile 12-day-old pine seedlings were then aseptically introduced into each box.

The boxes were maintained 4 months at 23�C under a photosynthetic active

radiation with a 16-h photoperiod.

3.3.2.2 Semi- and Non-sterile Techniques

Growth Pouches

Growth pouches were first introduced in detail by Fortin et al. (1980). Flat,

transparent polyester pouches were used for synthesis of ectomycorrhizae between

Pinus strobus and several ECM fungi. Fifteen milliliters of MMN solution was

added, and a piece of glass tube was placed along the side of each pouch to add

nutrient solution and water. The root system was laid directly onto the paper pad. As

soon as formation of short roots initiated, plugs of actively growing mycelium were

placed on the paper pad 3–5 mm from a short root primordium. Brunner (1993) used

autoclaved polyethylene pouches 13 � 16 cm including a glass fiber paper with an

activated charcoal paper disk attached. Pouches were filled with 10 ml of MMN

liquid medium and one Picea abies seedling. After 2 months, mycelial disks were

placed in the vicinity of the short roots. Two strips of foam were inserted to provide

air space. Advantages of this technique are that numerous seedlings can be grown

in a very small space, root system can be viewed without disturbing the roots or
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the fungus, and roots are clean since substrate is not involved (Peterson and

Chakravarty 1991).

Pots, Containers, Vessels

A brief review of several experiments can illustrate a variety of vessels, substrates,

inoculum types, and methods of their applications used in non-sterile ECM synthe-

sis techniques. Duponnois and Garbaye (1991) used transparent boxes, rootrainers,

Hiko and “M” containers filled with soil or vermiculite–peat mixture (1:1, v:v) for

growing Douglas fir seedlings in the glasshouse. Liquid, vermiculite–peat or algi-

nate-bead inoculum were applied either by mixing with the substrate before filling

the containers or by spreading the inoculum on the well-developed root system.

Brunner (1993) synthesized ectomycorrhizae between Picea abies and Hebeloma
crustuliniforme in autoclaved cuvettes of stainless steel (15 � 12 � 2 cm) filled

with a vermiculite–peat moss mixture. Homogenized mycelium grown in liquid

solution was introduced into cuvettes using an inverted pipette. H€ogberg et al.

(1999) planted Pinus sylvestris seedlings in 0.5-l plastic pots filled with sand

inoculated with ten mycelial agar plugs placed below the pine roots. Tissue blocks

of Tuber brumale mycelium served for inoculation of micropropagated plantlets of

Tilia americana and Quercus pubescens in the vessels (12 cm diameter � 18 cm

height) filled with 800 ml of peat–vermiculite mixture (1:30, v:v) in experiment of

Giomaro et al. (2002). Timonen et al. (1997) planted sterile Pinus sylvestris
seedlings in plastic pots enclosed in sterile plastic bags to maintain moisture and

prevent aerial contamination. After 25 days, the roots of one seedling were inocu-

lated with three agar plugs (5 mm3) of mycelium. Bogeat-Triboulot et al. (2004)

and Flores et al. (2008) used mycelial suspension to inoculate Pinus pinaster with
Hebeloma cylindrosporum in 0.4-1 pots filled with soil and Abies guatemalensis
with Laccaria bicolor in 300-cm3 containers filled with peat moss/vermiculite (1:1,

v:v), respectively. Obase et al. (2009) soaked roots of Populus maximowiczii in
MMN liquid medium containing cultured ECM fungal mycelia. Each seedling was

planted in a plastic pot (60 � 60 � 100 mm) filled with heat-sterilized volcanic

debris.

Aspray et al. (2006) and Corrêa et al. (2006) inoculated seedlings of Pinus
sylvestris and P. pinaster with vermiculite–peat inoculum of Laccaria bicolor,
Lactarius rufus, and Pisolithus tinctorius in 80-ml and 350-ml pots, respectively.

Kozdrój et al. (2007) transferred Pinus sylvestris seedlings to polyethylene pots

containing 150 g of autoclaved soil thoroughly mixed with alginate-bead inocu-

lum of Amanita rubescens or Hebeloma sinapizans in ratio 15:1 (v:v). The

inoculated seedlings were grown after inoculation in either growth (climatic)

chamber (Brunner 1993; H€ogberg et al. 1999; Corrêa et al. 2006; Flores et al.

2008; Obase et al. 2009), culture room (Giomaro et al. 2002), growth cabinet

(Bogeat-Triboulot et al. 2004; Kozdrój et al. 2007), or glasshouse (Timonen et al.

1997; Aspray et al. 2006).
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3.4 Greenhouse and Nursery Inoculation

3.4.1 Inoculum Types

3.4.1.1 Natural Inoculum (Soil, Humus, Ectomycorrhizae)

Various organic matters, such as soil, litter, variable forms of humus, rotten wood,

and ectomycorrhizae collected from forest plantations or mature stands were

exploited especially in the beginning of the effort to inoculate forest tree seedlings.

Collection of a large amount of viable inoculum of fungi adapted to the sites from

which they were taken is relatively reliable and easy. A major drawback of natural

inoculum is that the species of ECM fungi in the inoculum cannot be controlled.

This inoculum may also contain harmful microorganisms and weeds in addition to

the ECM fungi. Forest soil was used as a source of indigenous ECM fungi in

experiments of Borchers and Perry (1990), Querejeta et al. (1998), and Wallander

et al. (2005). Litter and diverse forms of humus from the forest floor including a

range of materials from recently fallen needles on the surface to well-decomposed

humus overlying the mineral soil were added to pot substrate (Parke et al. 1983;

Repáč 1996a). Aucina et al. (2007) used pine and oak litter to affect development of

bareroot seedlings. Rotten wood was collected from a Douglas-fir stand and

fragmented by hand into small pieces about 1 cm in diameter for mixing in a

growing medium (Kropp 1982). Natural inoculum is usually collected from stand or

under individual tree of species which is inoculated. Ectomycorrhizae excised from

root systems of trees were also used as inoculum on a limited basis in research trials

(Marx and Kenney 1982). A great deal of time and care is required to obtain a

sufficient quantity of viable ectomycorrhizae.

3.4.1.2 Basidiospores

Sporocarps and spores of various fungi were used as inoculum to form specific

ectomycorrhizae on various forest tree species. Sporocarps are essentially spore

inoculum, since their vegetative matrix is killed by dessication during drying or by

decomposition when added to soil (Marx and Kenney 1982). Gastromycete, such as

genera Rhizopogon, Scleroderma, and Pisolithus, produces numerous basidiospores

that are easier to collect in large quantities than those of mushroom-produced ECM

fungi. Advantages of using spores for inoculation are that spores require no

extended growth phase under aseptic conditions like vegetative inoculum, spore

inoculum is very light, and spores are able to survive storage from one season to the

next. Major disadvantages are the lack of standard laboratory tests to determine

spore viability, insufficiency of sporocarps of many fungi in any year, delay in

ectomycorrhiza formation as compared with vegetative inoculum, and lack of

genetic definition.
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Basidiospores can be obtained and stored before application in principle either

in dry state or blended with water. Basidiospores were obtained by crushing and

sieving basidiocarps through a mesh screen (Rincón et al. 2001; Chen et al. 2006)

in a closed plastic bag (Marx and Bryan 1975). Using these techniques, well over

1 kg (fresh weight) of basidiospores of Pisolithus tinctorius was collected in less

than 3 h (Marx and Bryan 1975). The dry spores were stored in either small

plastic bags or amber glass bottles in darkness at 5�C for 10 days before use

(Marx and Bryan 1975), mixed with vermiculite for seedling inoculation (Rincón

et al. 2001) or stored at 4�C for 1–18 months before blended with distilled

deionized water (1:10, v:v) for 5 s on low speed (Chen et al. 2006). In experi-

ments of Parladé et al. (1996b, 1999), Rincón et al. (2001), Hortal et al. (2008),

and Becerra et al. (2009), spore suspensions were prepared by blending sporo-

carps with distilled or tap water using a blender at low or high speed until the

spores were released. After collection, Parladé et al. (1996b) and Chen et al.

(2006) dried sporocarps at 30–40�C for 48 h before blending and sieving,

respectively. Núñez et al. (2006) cleaned and sterilized sporocarps of Tuber
melanosporum by brief superficial flaming. To prepare the inoculum, Roldan

et al. (1996), Querejeta et al. (1998), and Núñez et al. (2006) suspended spores

in distilled water and stored the suspensions at 2–4�C until use. Required spore

concentrations are prepared by serial dilution of spore suspension with water.

Spore concentrations are counted using haemocytometer. The approximate

number of spores contained per gram of dried sporocarp tissue was 107–1010

(Parladé et al. 1996b; Rincón et al. 2001) or 1.1 million basidiospores per

milligram (Marx and Bryan 1975). Chen et al. (2006) obtained a concentration

of 105 spores.ml-1 and Rincón et al. (2001) 103–108 spores.10 ml-1.

3.4.1.3 Vegetative (Mycelial) Inoculum

Mycelial Suspension (Slurry)

This type of vegetative inoculum is more often used in a small-scale synthesis in

controlled conditions than in nursery experiments (see Sect. 3.3.1). Mycelial slurry

of Pisolithus tinctorius, Suillus granulates, and Rhizopogon luteolus was prepared
by blending mycelial mats from liquid cultures with distilled water at high speed for

less than 3 s (Cline and Reid 1982). One liter of sterile water contained 40 g of

(fresh weight) mycelium. Gagnon et al. (1991, 1995) produced mycelial suspension

of Laccaria bicolor in a fermentor. Starter content of living propagules was diluted

five times with water and mixed with the substrate in a cement mixer to get a final

content approximately 6.1 � 104 living propagules or 5.68 mg of dried mycelium

per seedling. Gange et al. (2005) prepared mycelial slurry of Laccaria laccata
maintained in sterile liquid culture on MMN medium by fragmenting the mycelium

in a blender for 30 s.

3 Ectomycorrhizal Inoculum and Inoculation Techniques 51



Vermiculite–Peat (Substrate Carrier) Inoculum

Moser (1958) in Austria was one of the first to make a serious attempt to produce

vegetative inoculum of ECM fungi. For production of inoculum, mycelium of

Suillus plorans was first grown in liquid culture and then in sterile peat moss.

Moser and other workers tested various organic materials as the final inoculum

substrate, e.g., forest litter, sawdust, grain of cereals, corn, bark, and found that they

were not as effective as peat moss (Marx and Kenney 1982). Although mycelium

tends to grow around rather than into the particles of perlite substrate, Repáč

(1996b) and H€onig et al. (2000) reported that a perlite–peat mixture appears to be

a possible form of mycelial carrier. Vozzo and Hacskaylo (1971) grew mycelium of

several fungi in polypropylene cups containing a 2:1 ratio of sterile peat moss and

vermiculite moistened with nutrient solution. In the fundamental study of Marx and

Bryan (1975), the inoculum containers were 2-L jars containing the mixture of

1,400 ml of vermiculite, 50 ml of finely divided peat moss, and 750 ml of liquid

MMN medium with glucose. The containers were autoclaved for 30 min and each

was inoculated with eight mycelium-agar disks of Pisolithus tinctorius. After 15
weeks at room temperature, the vermiculite particles were permeated with myce-

lium. To prepare mass inoculum for infestation of soil, mycelium was removed

from the jars, passed through a 5-mm mesh screen, and held with two layers of

cheesecloth while being leached with cool running tap water to remove nonassimi-

lated nutrients.

Novel formulations of vermiculite–peat inoculum did not require leaching and

drying before use (Garbaye et al. 1988; Marx and Cordell 1989). An important

modification of original inoculum formulation was carried out on vermiculite:peat

ratio of inoculum. Marx et al. (1982) reported that vermiculite–peat inoculum

mixture produced by solid-substrate fermentation contained 5–10% peat moss by

volume. Other vermiculite:peat ratios used were, e.g., 4:5–1:5 (Duponnois and

Garbaye 1991), 9:1 (Garbaye et al. 1988; Baum et al. 2009), 10:1 (Machón et al.

2006), and 11:1 (Rincón et al. 2001). Blended mycelial starter cultures mixed with

the substrate will reduce the time of incubation by half (Marx and Kenney 1982;

Rincón et al. 2001). Depending on fungal properties, inoculum is incubated for 4–8

weeks at 24–25�C in the dark. The attempts to measure the quantity of mycelium in

the vermiculite–peat inoculum did not give reliable results because of the peat that

interferes with colorimetric measurements (Duponnois and Garbaye 1991).

Alginate-Bead Inoculum

Le Tacon et al. (1983) and Mauperin et al. (1987) have shown that mycelium grown

in a liquid medium and entrapped in calcium alginate gel is a very efficient

inoculum for ECM development and can be used as an alternative to the classical

vermiculite–peat mixture. Mycelium in alginate-bead inoculum is better protected,

survives longer, and has a longer lasting effect than when grown on a vermiculite–

peat mixture (Mortier et al. 1988). For production of alginate-bead inoculum,
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fungul cultures are grown in liquid medium. The mycelial pellets are washed in tap

water, homogenized in a blender for 5–10 s, and resuspended in distilled water

containing 10 g.l�1 of sodium alginate and 30 g.l�1 of powdered sphagnum peat.

This suspension is pumped through a pipe with 5-mm holes above a 100 g.l�1 CaCl2
solution, each drop forming a bead of reticulated calcium alginate gel 3–4 mm in

diameter. The beads are cured in CaCl2 for 24 h at room temperature (for ensuring

complete reticulation of the gel), washed in tap water to remove NaCl, stored in air-

tight containers at room temperature to prevent drying, and used in the nursery

(Mauperin et al. 1987).

Procedure of the French authors was modified by Kropáček and Cudlı́n (1989).

In their work, sodium alginate and peat were substituted by agents Agricol and

perlite, respectively, to obtain alginate paste containing the mycelium. Beads were

cured in 5% calcium chloride for 30 min, rinsed with distilled water, dried to

surface dryness (about 30 min in air filtered box), and stored in air-tight containers

at 4�C until use. Alginate-bead inoculum was further used for inoculation of

seedlings, e.g., in experiments of Duponnois and Garbaye (1991), Gagnon et al.

(1991), Baum et al. (2000, 2002), and Repáč (2007). Parladé et al. (1999) prepared

alginate-bead inoculum containing spores of Rhizopogon and mycelium of Lac-
caria bicolor. Mixed inoculum was prepared by adding spores plus fragmented

mycelium (blended in autoclaved water) at different proportions to Pyrex flasks

containing 20 g.l�1 of an autoclaved water solution of sodium alginate. The content

of flask was gently mixed, dropped into a 0.3-M water solution of CaCl2 to

polymerize, then washed with sterile distilled water, and kept at 4�C in plastic

bags for 1 week.

3.4.2 Methods of Inoculum Application

Fumigation of nursery soil before inoculation improves ECM development because

it lowers populations of soil microorganisms that can colonize introduced inocula,

feeder root pathogens that damage roots and thus reduce ECM development, and/or

indigenous competing ECM fungi. The seedlings can be inoculated with ECM

inoculum during one of the following stages:

– Before seeds are sown or seedlings planted

– When seeds are sown or seedlings planted

– After seedlings emerge or seedlings planting

3.4.2.1 Basidiospores

Several inoculation techniques have been used:

– Mixing either crushed sporocarps or dry spores directly into soil or container

medium
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– Mixing spores with a moistened carrier, such as vermiculite, kaolin or sand,

broadcasting onto soil and then mixing into the nursery soil or the growing

medium of containers

– Dusting dry spores onto soil around young seedlings and leaching them into the

root zone

– Suspending in water and drenching, irrigating, or injecting into growth substrate

– Dusting or spraying on roots of nonmycorrhizal seedlings

– Mixing with the pelletizing matrix and encapsulating or coating seeds before

sowing

Marx et al. (1978) broadcast spores of Pisolithus tinctorius added to moist

vermiculite onto soil and mixed inoculum with the soil using handtools. The

spore quantities were 108, 324, or 648 mg of spores.m�2 of soil surface. Rincón

et al. (2001) mixed dry spores of P. tinctorius and Scleroderma verrucosum
included in vermiculite with potting substrate and filled containers with 103–108

spores per 175 ml of substrate.

Perhaps the most used method is application of spore water suspension to growth

substrate. Marx and Bryan (1975) poured basidiospores of P. tinctorius (10 g

suspended in 500 ml of distilled water with 1 drop of Tween 20) into microplots

which were heavily watered to wash the basidiospores into the soil. Theodorou

(1984) inoculated seeds of Pinus radiata with basidiospores (5.15 � 104 spores per

seed) of Rhizopogon luteolus 1–2 days before sowing. Suspension of spores of

R. luteolus (4.46 � 107 spores.ml�1) was sprayed onto soil, and the spores were

mixed with the soil by raking and rolling and by watering 1 day after sowing of

inoculated seeds (i.e., 2 days after soil inoculation).

In experiments of Roldan et al. (1996) and Querejeta et al. (1998), water

suspension of spores of Pisolithus arhizus was applied three times, 1 month apart,

12 weeks after sowing of Pinus halepensis to 300-ml plastic bags filled with 3:1

soil/peat mixture. Each plant received 5 � 105 spores per application. Molina et al.

(1997) applied spore slurries of six Rhizopogon spp. to container-grown Pseudot-
suga menziesii and Pinus ponderosa seedlings over two inoculations. For each

inoculation, 10 ml of diluted spore suspension was pipetted onto the peat–

vermiculite substrate. Chen et al. (2006) inoculated Eucalyptus urophylla seedlings
2 weeks after transplanting to plastic pots with 10 ml of spore suspension at a rate

106 spores per seedling. The spore slurry was added to a 2–3 cm deep hole near the

plant using a 5-ml pipette. Parladé et al. (1996b), Rincón et al. (2001), and Hortal

et al. (2008) inoculated 1-month-old container-grown seedlings with spore suspen-

sion of several ECM fungi at the rate of 102–108 spores per seedling. Núñez et al.

(2006) applied spore suspension of Tuber melanosporum by injecting manually into

each seedling’s pot substrate (400 ml of light and dark peat and vermiculite, 2:1:1)

approximately 7.5 � 105 spores at 3–8 cm depth. In the work of Becerra et al.

(2009), 1 ml of spore suspension of two Alpova species containing 106 spores was

inoculated at the base of Alnus acuminata seedlings.
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3.4.2.2 Natural and Vegetative Inoculum

In inoculation programs, since hyphae cannot grow from the inoculum to roots,

inoculum must be placed in the rooting zone of seedlings where roots can grow into

the inoculum (Marx and Kenney 1982). In principle, natural and vegetative inocu-

lum can be applied by three methods:

– Mixed with the rooting medium

– Banded or layered below seeds or seedlings

– Suspended in water and poured onto seedlings or dipping seedlings into the

slurry before planting (except of beads)

Bareroot and container-grown seedlings and cuttings of numerous tree species

were inoculated with vegetative inocula of many ECM fungi in greenhouse and

nursery experiments. Pisolithus tinctorius (Marx and Bryan 1975; Marx et al. 1982;

Marx and Cordell 1989; Vijaya and Srivasuki 1999; Rincón et al. 2001) and genus

Laccaria (Mortier et al. 1988; Kropáček and Cudlı́n 1989; Gagnon et al. 1995;

Garbaye and Churin 1997; Parladé et al. 1999; Baum et al. 2002; Gange et al.

2005; Machón et al. 2006) have been the most often tested fungi in inoculation

experiments. ECM seedlings or cuttings are produced through inoculation of dif-

ferent growing substrates. Soil and peat mixed with vermiculite or other substrate

components – the standard substrates for production of planting stock of forest tree

species, are convenient and most frequently used for ECM inoculation.

Unequivocally, the most preferred technique of application of organic matter

and vegetative inoculum is mixing it with a growth substrate. Amount of inoculum

mixed with substrate in pot experiments is most commonly expressed as a ratio of

inoculum and substrate by volume. Organic matter (humus, litter, rotten wood) is

added to substrate in a larger ratio (1:4 to 1:1) (Kropp 1982; Parke et al. 1983;

Repáč 1996a) than vegetative inoculum. Vermiculite–peat inoculum was mixed

with potting substrate at the proportion 1:4 (Rincón et al. 2001), 1:10 (Hortal et al.

2009), as well as 1:64 (Rincón et al. 2001). Baum et al. (2009) expressed a ratio of

soil:vermiculite-peat inoculum mixture (10:1) by weight. Parladé et al. (1999) and

Baum et al. (2000, 2002) carried out inoculation by mixing alginate beads with

potting substrate in the proportion 1:20 (v:v). Before filling containers, Gagnon

et al. (1991) mixed alginate beads with the substrate so that each seedling received a

volume of 17 ml of beads. Gagnon et al. (1995) mixed liquid inoculum with

substrate in a cement mixer to get a final volume of 30 ml of mycelial slurry per

seedling.

In nursery bed experiments, vegetative inoculum was broadcast evenly over

nursery bed (0.5–2.8 l.m�2) and incorporated into the upper 10–12 cm of substrate

with handtools (Marx et al. 1978; Mortier et al. 1988; Duponnois and Garbaye

1991; Repáč 1996b; Garbaye and Churin 1997). Marx and Bryan (1975) reported

application of P. tinctorius inoculum to fumigated soil at a ratio 1:8 (v:v) in upper

10 cm layer of plot.

Cline and Reid (1982) injected 20 ml of mycelial slurry into a root zone of

container-grown seedlings at a depth of 6–8 cm using a glass syringe. Garbaye et al.
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(1988), Machón et al. (2006), and Gange et al. (2005) added 50 ml of vermiculite–

peat inoculum and 20 ml of mycelial slurry, respectively, into containers in contact

with the roots of transplanted seedlings. Aucina et al. (2007) placed a layer of pine

or oak litter on the surface of the nursery bed soil with seedlings to influence the

growth and ECM communities of seedlings. Kropáček and Cudlı́n (1989) and

Repáč (2007) evenly spread alginate-bead inoculum below surface of substrate

immediately before seed sowing.

Perhaps the most capable way of expression of amount of vegetative inoculum is

in a dry weight of mycelium, enabling the comparison of inoculum rate between

experiments of different patterns. Unfortunately, to ascertain quantity of mycelium

in vermiculite–peat carrier is almost impossible. Nevertheless, Mortier et al. (1988)

reported 1–2 g of mycelium (dry weight) per m2 in this type of inoculum. Mortier

et al. (1988), Duponnois and Garbaye (1991), Vijaya and Srivasuki (1999), and

Repáč (2007) referred 2 g, 2–10 g, 4 g, and 5 g of mycelium in dry weight per m2,

respectively, in alginate-bead inoculum. In the pot experiments, each seedling

received either 6.82 mg (Gagnon et al. 1991) or 12 mg (Gagnon et al. 1995) of

dried mycelium or 20–80 mg of mycelium in fresh weight (Parladé et al. 1999).

3.5 Field Inoculation

Inoculation of seedlings at the time of field planting is time consuming, requires

more inoculum, and the introduced fungus must be compatible with native micro-

organisms and climatic conditions of the planting site (Riffle and Maronek 1982).

Thus, nursery inoculated seedlings are more frequently outplanted (Roldan et al.

1996; Garbaye and Churin 1997; Núñez et al. 2006; Rincón et al. 2007) than

inoculated at the time or after field planting. Castellano (1996) reviewed most of

available literature (including unpublished data) on outplanting performance of

ECM-inoculated seedlings and provided insight to the fungus-inoculum type-

host-location combinations in field experiments. Inoculum types and application

methods in the field are very similar to nursery inoculation of container-grown

seedlings. Various natural organic materials and organic wastes are often used and

may be considered as a simple source of ECM fungi propagules. Hallsby (1995)

planted Norway spruce seedlings to mounds containing forest floor material from

the F- and H-layers. Querejeta et al. (1998) added 150 ml of pine forest soil (top

20 cm of mineral soil) to the planting holes of Pinus halepensis seedlings at the
time of planting. Organic materials, particularly decayed wood or mixtures contain-

ing decayed wood were equal or superior to mineral substrates for supporting

ECM activity on planted seedlings (Harvey et al. 1997). Larcheveque et al.

(2006) incorporated fresh co-composted sewage sludge and greenwastes (20 or

40 kg.m�2 of compost) into the soil at each stem of 1-year-old seedlings of Quercus
ilex, Pinus halepensis, and P. pinea.

In field experiments with laboratory produced inoculum, e.g., Baum et al. (2002)

applied 50 ml of alginate beads containing mycelium of Laccaria laccata around
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each Populus trichocarpa cutting (1.5-m long annual shoots, diameter 13–17 mm)

in 50-mm soil depth. Duñabeitia et al. (2004) inoculated seedlings few days after

outplanting (and reinoculated 5 months later) by watering at 5 cm around the stem

with 200 ml of spore slurry of Scleroderma citrinum, Pisolithus arhizus, and
Leccinum scabrum. Menkis et al. (2007) wrapped root systems of Pinus sylvestris
and Picea abies seedlings in a filter paper containing mycelium of Cenococcum
geophilum, Piceirhiza bicolorata or Hebeloma crustuliniforme, overlaid with

damp peat–sand mixture, wrapped in a paper towel, and planted seedlings on

poor sandy soil.

3.6 Commercial Inoculum

It is relatively simple to produce sufficient volumes of inoculum for small research

studies, but it is extremely difficult to produce sufficient quantities of inoculum to

support commercial nursery inoculation. Since 1976, several formulations of vege-

tative and spore inocula of “super-strain” of Pisolithus tinctorius were produced

commercially (e.g., inoculum trademarked MycoRhiz®) and used in large scale for

inoculation of millions of bareroot and containerized pine and oak seedlings in USA

(Marx 1991). In France, a company called Somycel produced vegetative beads

inoculum, which substantially increased reforestation effort of coniferous trees

followed by nursery inoculation (Kropp and Langlois 1990).

Numerous entities of international, national, or local importance produce and

offer ECM fungal inocula for commercial purposes. For example, several European

producers of mycorrhizal fungi inocula constituted organization called “Federation

of European Mycorrhizal Fungi Producers” (FEMFiP) in 2003, aimed to achieve

and maintain high standards for these products in Europe (Federation of European

Mycorrhizal Fungi Producers 2010). The most products of FEMFiP contain arbus-

cular fungi and are intended to horticulture, agriculture, and landscape sectors. The

companies PlantWorks Ltd. (Great Britain, product TerraVital), Biorize (France,

product Ectorize), and Symbio-m (Czech Republic, product Ectovit) offer ECM

inocula for inoculation of forest tree species.

Spore and mycelial inocula are used in operational scale to match the ECM fungi

to the host and environment in which they are required to thrive. Natural biostimu-

lants and ingredients supporting the development of ECM symbiosis (natural

humates, sea-grass extracts, ground minerals) are usually added to commercial

inoculum. Inoculation techniques are in principle the same as described in

Sects. 3.4.2 and 3.5. Compared to research-scale inoculum formulations, gel for-

mulation (slurry), prepared by diluting ECM inoculum containing naturally degrad-

able granules of water-retaining gel in water, is more frequently used in a

commercial scale. The slurry can be sprayed onto the substrate before seed sowing,

into the rooting zone of transplanted seedlings, or root systems of seedlings can be

dipped into the slurry. The production and marketing of inocula on a commercial

scale increased recently and further potential appears to be quite large.
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3.7 Conclusion

There are a variety of ECM inoculum types, inoculum preparation methods, and

inoculation techniques to initiate the development of ectomycorrhizae on forest tree

seedlings. The selection of fungi, inoculum type, and inoculation method all

depends on the intended purpose of inoculation. Better understanding of the

structure and functioning of ECM symbiosis and better performance of inoculated

seedlings under nursery and field conditions are the ultimate goals of research on

artificial mycorrhization, and therefore further development of inoculation methods

in operational conditions is desirable. Although sterile conditions are a faraway

from natural ones, techniques of pure culture synthesis are necessary for compati-

bility, structural, physiological, molecular, and other studies.

Application of ECM inoculum to substrate does not guarantee that ectomycor-

rhizae will develop on a host plant. Success of inoculation depends on the type and

age of inoculum used, inoculum dose, timing of inoculation, inoculum placement in

the growing medium, etc. (Riffle and Maronek 1982; Mortier et al. 1988; Rodrigues

et al. 1999). Besides inoculum and inoculation pattern, interspecific and intraspe-

cific host–fungus variation, environmental conditions, seedling production prac-

tices, and other factors are responsible for seedling response to inoculation (Kropp

and Langlois 1990; Castellano 1996; Menkis et al. 2007; Duponnois et al. 2008).

Despite of (or just because of) inconsistency of effects of introduced fungi on

performance of inoculated seedlings, more research is needed on the screening of

potential host–fungus species and genotype combinations and the host–fungus–

environment interactions to optimize the effect of fungi on plants. Also, researchers

might be able to make much progress in simplifying the application of ECM fungi

in seedling inoculation. Because of natural complexity and diversity of ECM

relationships, we have to realize that their understanding will neither be completed

nor their use completely reliable. Nevertheless, when we consider extensive area of

treeless lands and adverse forest sites required artificial regeneration, the impor-

tance of artificial mycorrhization of seedlings as reforestation and afforestation

management tool is obvious.
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Chapter 4

Systematics and Ecology of Tropical

Ectomycorrhizal Fungi Using Molecular

Approaches

Rivière-Dobigny Taiana

4.1 Evaluation of Tropical ECM Species Composition

4.1.1 Introduction

Traditionally, surveys on ECM species communities rely on morphological

descriptions of sporocarps due to previous species collections. Such macroscopic

approaches are inaccurate since sporocarp identifications only provide an incom-

plete picture of ECM fungal diversity (Egger 1995; Gardes and Bruns 1996; Grogan

et al. 2000; Jonsson et al. 2000). Indeed, while sporocarps are necessarily associated

with ectomycorrhizas, a fungus forming ectomycorrhizas may not always form

sporocarps (Horton and Bruns 2001). Furthermore, investigations on ECM fungi

are delicate as morphological characters of root tips are usually not sufficient for

species recognition (Bruns et al. 1998). This has long represented a considerable

limitation to our understanding of ECM diversity, and thus an adequate understand-

ing of ECM ecology (Debaud et al. 1999; Kretzer et al. 2003). Fortunately,

molecular tools have proved to be of great help to solve taxonomic discrepancies

and have, therefore, considerably improved our knowledge on their ecology

(Horton and Bruns 2001). Indeed, molecular techniques enable identification of

ECM genera or species through analyses conducted on DNA extracted from

root tips. The latter approach is often achieved through comparisons with DNA

sequences database of ribosomal internal transcribed spacer (ITS) or mitochondrial

sequences (Gardes et al. 1991; Kendall 2007). Also, cloning and sequencing T-RFLP

(Terminal Restriction Fragment Polymorphism) and DGGE (Denaturing Gradient

Gel Electrophoresis) strategies have been employed to describe ECM communities in

soil (Landeweert et al. 2003; Koide et al. 2005).
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To our knowledge, the mycorrhizal status of numerous tropical indigenous tree

species remains undocumented even if large areas of tropical and subtropical

forests are dominated by ECM trees (Redhead 1980; Alexander and H€ogberg
1986), suggesting a key role of these symbiosis in the functioning of some tropical

forest ecosystems (Onguene and Kuyper 2001). For instance, the Dipterocarpaceae

family in South East Asia comprises 470 tree species, which largely dominate

tropical rainforests and represent a major source of commercial timber (Maury-

Lechon and Curtet 1998). These tree species have been shown to be associated with

various fungal genera such as Russula, Boletus, Cortinarius, Lactarius, Laccaria,
Pisolithus, Amanita, Scleroderma, Suillus, Strobilomyces, and Cantharellus (Smits

1992; Watling and Lee 1998; Natarajan et al. 2005; Rivière et al. 2007; Peay et al.

2010). In the same manner, surveys in African dry woodlands and tropical rain-

forests revealed that the dominant group of ECM trees includes caesalpinioid

legumes (12 genera in the Amherstieae and one genus, Afzelia, in the Detarieae)

and Phyllanthaceae (one genus,Uapaca) (Thoen and Bâ 1989; Newbery et al. 1997;
Sanon et al. 1997; Onguene and Kuyper 2001), and associated ECM fungi belong to

several genera, mainly Russula, Lactarius, Amanita, Boletus, and Cantharellus
(Buyck et al. 1996; Eberhardt and Verbeken 2004). ECM trees can form local

patches that contribute from 45 to 70% of the basal rainforest area, such as in the

Korup National Park in Cameroon, where three species Microberlinia bisulcata,
Tetraberlinia bifoliolata, and Tetraberlinia moreliana are dominant (Newbery et al.
1997).

South American tropical rainforests are reported to be mainly dominated by

vesicular-arbuscular mycorrhizal associations (Picone 2000). For example, in

Brazil, the mycorrhizal status of the Araucaria forest and the Atlantic rainforest

true 29 native species belonging to 19 families revealed no evidence of ectomycor-

rhizal colonization (Andrade et al. 2000). Some authors reported ECM occurrence

in native Brazilian trees such as Thomazini (1974) and Singer and Araujo (1979) on

Caesalpinioidae species. Surveys in the Pakaraima Mountains of western Guyana

revealed previously undocumented forests dominated by ECM leguminous trees,

with a rich assemblage of ECM mycobionts. These fungi belonged to the Boleta-

ceae, Amanitaceae, Russulaceae, Cortinariaceae, Cantharellaceae, Clavulinaceae,

and Entolomataceae Basidiomycete families (Henkel et al. 2002).

There is increasing evidence that some tropical ECM communities are more

diversified than previously supposed, and so, many questions are still unstudied.

Indeed, ECM diversity is still poorly documented in tropical rainforests and so, with

regards to forests destructions going on, sampling efforts are urgently needed. In

this study, we examined ECM Basidiomycete species’ taxonomic structure in

natural tropical rainforests located in West Africa and Western India. We used

both morphological and molecular methods to identify ECM fungal species occur-

ring on the root tip, and importantly, in order to link the above- and belowground

ECM diversity, sporocarp and ectomycorrhizas sequences were compared. In order

to propose species’ identification through molecular typing of sporocarps vs.

ectomycorrhiza, 40 reference sequences from available databases were included

in our phylogenetic analyses.
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4.1.2 ECM Systematics and Diversity Assessment

ECM species diversity is poorly documented in natural tropical rainforests. The

primary difficulty lies in the identification of the species. Indeed, many species’

descriptions are still going on mainly based on morphological descriptions of the

sporocarps, and so, tropical investigations, which forget root tip morphotypes, are

most of the time incomplete. In this context, molecular methods offer a great

opportunity to evaluate ECM taxonomic diversity including ECM root DNA

extracts. We present here a survey of ECM Basidiomycete communities conducted

in two tropical rainforests, one located in Africa (Western Upper Guinea) and the

other in Asia (Western Ghats, India). To solve taxonomic discrepancies, molecular

analysis involved sequencing a fragment of the mitochondrial large subunit rRNA

gene and comparative phylogenetic analysis using sequences from European speci-

mens as taxonomic benchmarks. Here, we focus on ML5/ML6 sequences for three

main reasons. We are aware that the ML5/ML6 region often provides identical

sequences for closely related species, thus limiting the interest of this conservative

DNA fragment at the species level. The ITS fragment, on the contrary, is more

accurate for species identification (Bruns et al. 1998). Here, we had to choose ML5/

ML6 fragment for three main reasons (1) with regards to the high morphological

diversity of sporocarps and numerous ectomycorrhizas found in the field, it first

appeared pivotal to obtain rapid but nonambiguous sequences allowing to identify

the samples at the genus level, and yet many sequences are available on Genbank;

(2) as recommended by Gardes and Bruns (1993), we previously sequenced the

ITS fragment of 37 Guinean Russula and 15 Indian Russula specimens, but

the sequences were too variable to be unambiguously aligned and none of the

sequences matched with known species; and (3) we consistently observed that ITS

primers often amplify plant DNA from ectomycorrhizas, whereas the ML5/ML6

primers never did.

Inventory of the plant species composition is a prerequisite to the study on ECM

fungal community; consequently, it is essential to describe flora diversity before

ECM fungal one. Study sites were located in Southern Guinea and inWestern India.

Southern Guinea forests cover hills and mountains ranging in altitude from 500 m

in the Ziama forest (8�510N, 9�310W) to 1,752 m on the Mount Nimba forest

(7�600N, 8�490W). They are typical evergreen or semi-evergreen rainforests with

a mean annual rainfall of 2,500–3,000 mm and a dry season from January to March.

These Guinean forests shelter ECM trees belonging to the Caesalpiniaceae (Afzelia
bella, Paramacrolobium coeruleum, Anthonotha fragans, A. macrophylla, Crypto-
sepalum tetraphyllum, Pelligriniodendron diphyllum, Gilbertiodendron limba) and
the Phyllanthaceae (Uapaca heudelotii, U. esculenta, U. guineensis, and U. cheva-
lieri). Two additional species, Uapaca somon and Afzelia africana, were found in

the dryer and lower woodlands bordering the Mount Nimba rainforest.

The Kadamakal Reserve Forest is located in the Western Ghats, India, in the

district of Kodagu (Karnataka) near the village of Uppangala (12�300N; 75�390W).

Its altitude ranges from 400 to 600 m. Annual rainfall is about 5,200 mm with a
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marked dry season from December to March. Vegetation is a dense moist evergreen

forest dominated by three species, Dipterocarpus indicus, Kingiodendron pinna-
tum, and Humboltia brunonis (Pascal 1984). Two ectomycorrhizal Dipterocarpa-

ceae species dominate the high canopy, Vateria indica and Dipterocarpus indicus,
which together represent 41.2% of the basal area (Pélissier et al. 1998). To optimize

the assessment of the floristic diversity, the Uppangala forest was sampled follow-

ing a previously designed transect (3 plots from 180 to 370 m long and 20 m wide;

see Pélissier et al. 1998).

Sporocarps belonging to Basidiomycete families that were typically ectomycor-

rhizal were collected each August during 4 successive years in Guinea. In India,

samples were collected during 2 successive years. In each spot, sporophores and

ectomycorrhizas were collected in order to subsequent DNA extraction, PCR, and

sequencing (see Rivière et al. 2007 for protocols). A total of 198 sequences were

edited and assembled. In addition, 40 reference fragments from known boreal and

temperate species were downloaded from NCBI databank. These data were used as

external taxonomic benchmarks as well as references to investigate any phylogeo-

graphic pattern. Most of these sequences were retrieved from the Bruns et al. (1998)

database (http://plantbio.berkeley.edu/~bruns/). Five sequences (Tulasnella irregu-
laris, Sebacina sp., and three Cantharellus spp.) were used as outgroups (Bruns

et al. 1998).

4.1.2.1 ECM Status of Tropical Trees

In Guinea, the presence of ectomycorrhizas was confirmed on six caesalpinioid

species, A. africana, A. bella, A. fragans, A. macrophylla, G. limba, and P.
coeruleum, and five Uapaca species (U. guineensis, U. esculenta, U. heudelottii,
U. somon, and U. chevalieri), as previously reported (Thoen and Bâ 1989). Fur-

thermore, we report for the first time the ECM status of two Caesalpinioideae

species of the Amherstieae tribe, i.e., Cryptosepalum tetraphyllum and Pelligrinio-
dendron diphyllum. In India, sporocarps were collected under the two species V.
indica and D. indicus, which are known as ECM tree species (Rivière 2004;

Natarajan et al. 2005; Rivière et al. 2007).

4.1.2.2 Ectomycorrhizas Diversity

Based on morphological identification, considering the diversity of both the

sites, sporocarps were assigned to five families (Amanitaceae, Russulaceae,

Sclerodermataceae, Tomentellaceae, and Tricholomataceae) and one superfami-

lial group (boletoids). Based on molecular typing, the most represented family

was the Russulaceae (75 samples of both sporocarps and ectomycorrhizas),

followed by the Amanitaceae (26), the boletoids and Chalciporus group (32),

including the genera Boletus, Xerocomus, Leccinum, Tubosaeta, Strobilomyces,
and Chalciporus, the Sclerodermataceae (32), the tricholomatoids (10), and the
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telephoroids (21), of which only one sporocarp was identified as a Tomentella
species. Four subsequent phylogenies were reconstructed in order to independently

focus on the four previously identified clades in Fig. 4.1, i.e., (1) Russulaceae

Fig. 4.1 Maximum likelihood ML5-ML6 tree using a HKY85 þ g þ Inv model (a ¼ 0.5684,

proportion of invariable sites ¼ 0.3421, rate categories ¼ 4) for 160 sequences and 389 sites.

Bootstrap support values >50% are indicated at the relevant nodes. Main taxonomical groups

included in the phylogeny are indicated. Sebacina sp. and Tulanesnella irregularis were chosen as
outgroups according to Bruns et al. (1998)
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Fig. 4.2 Russulaceae maximum likelihood ML5-ML6, using a HKY85 þ g þ Inv model

(a ¼ 0.5897, proportion of invariable sites ¼ 0.6539, rate categories ¼ 4) for 57 different

sequences and 391 sites. Bootstrap support values >50% are indicated at the relevant nodes.

Identical sequences are included in the same terminal node. The brackets to the right of the tree
indicate the clades including species of the same section and vertical lines indicate sections of the
same subgenera (in bold). Names and grouping follow Singer (1986), Romagnesi (1985), and

Miller and Buyck (2002) classifications. gn sample from Guinea, in Indian sample. Equality

between numbers means perfect homology between their sequences
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(Fig. 4.2), (2) boletoids, (3) Scleroderma, and (4) Amanitaceae plus Tricholomata-

ceae groups (Rivière et al. 2007).

Among the 55 ectomycorrhizal sequences, a strict correspondence between

sporocarps and ectomycorrhizas was obtained for only 27 of them. This is most

probably due to the fact that many but not all ECM fungi produce fruitbodies, thus

being observable macroscopically. By way of illustration, remarkable percentage of

nonsporulating ECM species have been described by Jonsson et al. (1999a), where

up to 70% of the ECM fungal species were only sampled from root tips without

associated sporocarps in a Pinus sylvestris plantation. Moreover, sporocarp produc-

tion also varied over the season, thus escaping sampling (Erland et al. 1999; Kõljalg

et al. 2000). For instance, 20 ectomycorrhizas, but no sporocarp, were found to be

closely related to thelephoroid taxa. It is well-known that sporocarps are seldom

produced by Telephorales, but they commonly form mycorrhizas on roots of young

trees (Kõljalg et al. 2000). Our study has once again confirmed that belowground

fungal diversity is dissimilar from that of aboveground sporocarps (Gardes and

Bruns 1996; Dahlberg et al. 1997; Jonsson et al. 1999a, b), thus underlying the

importance of molecular analyses for the assessment of ECM fungal diversity.

The Russulaceae family, with 45 sequences, was the largest group sampled in

our study. Russulaceae includes two genera Lactarius and Russula. Lactarius
samples did not group together and appeared polyphyletic. At a lower taxonomical

level, the Eurussula subgenus appeared to be polyphyletic, too, whereas the subge-

nus Compactae and each section Heterophylla or Foetentinae were found mono-

phyletic. In the Scleroderma phylogeny, 32 sequences have been obtained

including 16 ectomycorrhizas, which represent the highest mycorrhizas vs. spor-

ocarps ratio in our sample. The boletoid group includes the genera Boletus, Bole-
tellus, Xerocomus, Leccinum, Tubosaeta, and Strobilomyces. All Leccinum
sequences as well as the two Strobilomyces sequences were grouped within a single
clade. All other sequences were intermingled in the phylogeny, including mainly

Boletus and Xerocomus species. The single Chalciporus sequence was located close
to Chalciporus piperatoides, and roots the rest of the boletoid group sensu stricto.
Finally, in the fourth analysis, all Amanitaceae cluster together in a highly sup-

ported monophyletic clade (Fig. 4.1), whereas Tricholomataceae (including Pluta-

ceae, Hydnum, and Tricholoma genera) were paraphyletic.

Some differences were noted in the fungal diversity between the two sites, as

well as between the tropical and more northern areas, as described in the literature.

Russulaceae genotypes sequenced from the Guinean site, which include vouchered

new species, are in accordance with the observations of Buyck (1994a, b, 1997),

suggesting a high species diversity of this family in Africa. However, no species

from India have been found to be common with those of Guinea. This lack of shared

species (or sequences) between Africa and India suggests that there has been no

recent gene flow between the two continents. Berbee and Taylor (1993, 2001)

suggested that the divergence within ECM fungi occurred around 180 Mya ago,

whereas separation of the Indian–Malagasy block from Africa is usually dated

around 120 Mya. Based on morphological identifications, Russulaceae described

in the Uppangala forest site may be related to known species from Europe
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(Natarajan et al. 2005). However, none of the Russula or Lactarius species collected
in India share the same sequence with already known African or European taxon.

Enhanced molecular monitoring of tropical Russula diversity based on nuclear

sequences is urgently needed to resolve such an interesting ectomycorrhizal group.

A single Boletaceae sample was recovered from India (identified as Leccinum
sp.), whereas 17 genotypes were found in Guinea. Accordingly, Natarajan et al.

(2005) described only two Suillus and one Strobilomyces species in India. In

addition, very few Cortinariaceae specimens or species belonging to the Suilloid

group have been found so far in tropical forests (e.g., Cortinarius in Cameroon and

in India; Onguene and Kuyper 2001; Peintner et al. 2003; Natarajan et al. 2005).

Our study supports this trend, as none of the sequences fell within Cortinariaceae or

Suilloids available in Genbank database and used here as genetic benchmarks.

Nevertheless, tropical forests are still undersampled relative to northern boreal

forests, and further surveys are clearly needed to confirm this result.

In Guinea, a great diversity of sequences belonging to the Russulacae family

was obtained. Morphological taxonomies of this family (Romagnesi 1985; Singer

1986; Buyck 1994a, b, 1997) are rarely congruent, reflecting the ambiguities of

characters used in the classification of this group. In a similar way, some of the

sporocarps collected were morphologically identified as already described species,

but many others could not be linked to already known morphotypes. The latter

may represent putative new species and further studies are required [species

identification in progress, all specimens housed at the Natural History Museum,

Paris and CASB (Centre of Advanced Study in Botany, Madras)]. So far, three

specimens have been formally identified as new species, Russula sect. Archaeinae
sp. nov. (C53), Russula sp. nov. aff. sesenagula (C366), and Lactarius nov. (C13).
However, recognition of the remaining ones as new taxa would be premature at

this stage.

Here, Lactarius appears as a paraphyletic group, whereas Shimono et al. (2004)

support the monophyly of all Lactarius species based on LSU rDNA. Once again,

this discrepancy is probably due to the low variability of the ML5/ML6 fragment at

this level. Within the Russula genus, the subgenus Eurussula appears as a polyphy-
letic group, being split into four separated clades. This is not congruent with

phylogeny based on nuclear regions (Eberhardt 2002; Miller and Buyck 2002;

Eberhardt and Verbeken 2004). These differences can have several nonexclusive

origins (1) various resolution levels of the markers used among studies, due to

different rates and modes of molecular evolution, (2) complex relationships

between nuclear and mitochondrial genomes, or (3) the reduced level of resolution

at the species level of the locus used in our study (Doyle 1992; Bull et al. 1993;
Bruns and Szaro 1992). It is known that mitochondrial genomes evolved at least

partially independently from the nuclear genome, thus sometimes leading to incon-

gruent phylogenetic inferences (Moncalvo et al. 2000). Other potential sources of

incongruence between these genomes may be due to ancestral polymorphisms or

horizontal transfers (Wall 2003). Such phenomena are not rare in plants and may

obscure ECM Basidiomycete relationships as well. Unfortunately, too few molecu-

lar investigations have been performed so far to conclude (Hibbett et al. 2000;
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Moncalvo et al. 2000; Binder and Hibbett 2002; Miller and Buyck 2002; den

Bakker et al. 2004).

Tropical ECM fungi diversity found is inseparable from tree species diversity

(Kabir et al. 2009), which is today endangered by strong human pressure that

threatens tropical rainforests. The composition of ECM associations and the

changes they undergo are still very poorly known in tropical regions and thus

suggesting that further investigations are required of both above- and belowground

species’ composition over extended periods of time.

4.2 Genet Distribution of Russula sp. foetentinae
in a Tropical Rainforest

4.2.1 Introduction

ECM fungi are symbiotic partners of most woody plants in forest ecosystems and

have a crucial role in terms of nutritional transfer between soil and host plant roots

(Smith and Read 1997). ECM symbiosis are characterized by bidirectional move-

ment of nutrients where carbon flows to the fungal partner while inorganic nutrients

move to the plant. The fungal vegetative network forms extensive mycelia that

radiate from ECM fungal root tips to explore the soil for resources and permit the

transfer of nutrients to associated plants (Finlay et al. 1998; Perez-Moreno and

Read 2000). Together with sexual sporocarps, ECM fungi use mycelial spread to

propagate and colonize new habitats. Therefore, the spatial distribution of individ-

ual mycelial systems is of considerable importance to understand ECM population

dynamics in forest ecosystems (Dahlberg and Stenlid 1990).

Molecular techniques, such as those described above, make it possible to

determine structure of fungal populations on a fine scale. Indeed, genotypes of

fungal “individuals” using DNA-fingerprinting techniques are commonly used in

population surveys (Burnett 2003). The concept of genet, a group of individuals of a

given genotype, is a useful tool to understand not only the spatial distribution of the

populations but also the dynamics of fungal succession of sequences (Smith et al.

1992). In general, genets can only be identified after isolating and further investi-

gating the properties of each species. Somatic incompatibility is the technique

traditionally used to resolve individual Basidiomycete genotypes (Dahlberg and

Stenlid 1994), but it is not feasible for all ECM species (e.g., Russulaceae) because

of its very limited growth in culture. Inter-simple sequence repeats (ISSRs) have

therefore been used to characterize the genetic variation within fungal populations

as it is a highly reproducible technique, which allows the detection of ECM fungal

genets from sporocarps (Hantula et al. 1996; Anderson et al. 1998; Sawyer et al.

1999; Zhou et al. 1999). ISSR polymorphism is a useful tool to distinguish the

otherwise morphologically indistinguishable individuals of fungi (Hantula et al.
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1996). This technique was particularly appropriate in our study because the Russula
genus contains a large number of species notorious for exhibiting high phenotypic

plasticity (Miller and Buyck 2002). However, even when the individuals making up

a population can be defined phenotypically or genotypically, their breeding behav-

ior is rarely immediately obvious. In particular, the sampling of basidiocarps

aboveground may not be an adequate estimate of the size, frequency, or spatial

extension of genets belowground (Gardes and Bruns 1996; Jonsson et al. 1999a, b).

In investigations of community structure above- and belowground for ECM fungi,

the abundance of basidiocarps was not always indicative of the mycorrhizal mor-

photypes (Gardes and Bruns 1996; Dahlberg et al. 1997; Jonsson et al. 1999a).

Because root tip or soil DNA extract analyses were not feasible under our field

conditions, the information available on the distribution of basidiocarps was the

only possible indicator of the presence and activity of individual mycelia.

The genet size of ECM fungal populations is assumed to vary with species

identity, host forest age, and environmental conditions (Dahlberg and Stenlid

1995). For example, pioneer genera such as Hebeloma and Laccaria generally

show numerous small (<3.5 m2) and nonpersistent genets (Baar et al. 1994;

Gryta et al. 1997). In contrast, fungi appearing late in succession, such as Cortinar-
ius rotundisporus, spread primarily from hyphal networks, and their genets are

large (up to 30 m) and temporally persistent (Sawyer et al. 1999). However, the

overall picture is not that clear since certain genera such as Suillus may be found in

disturbed areas and also occur in mature forests, thus following a mixed strategy

(Dahlberg et al. 1997; Bonello et al. 1998). As a general principle, a high number of

genotypes would be expected as a result of reproduction primarily by spores,

whereas the formation of larger clones would be predicted if reproduction occurred

primarily by mycelial expansion (Dahlberg and Stenlid 1990).

The Russulaceae are of particular interest for examination of the genetic

structure and dynamics of late stage ECM populations. Despite the fact they are

diverse and abundant in many types of forest ecosystems (Mason et al. 1987), the

way they survive and spread in nature is still controversial. On the one hand, they

are believed to be typical protagonists of the late stage field succession (Deacon

and Fleming 1992; Keizer and Arnolds 1994) as they represent the majority of

basidiocarps found in mature stands of temperate forest. Although little is known

about the ability of Russulaceae to colonize tree seedlings in the field, laboratory

studies indicate difficulties in germination from spores (Redecker et al. 2001). On
the other hand, some studies have found small genets of Russula in late stage

forests, suggesting that the role of sporulation in the life history of the Russulaceae

growing on undisturbed forest may play a much more important role than previ-

ously recognized (Redecker et al. 2001; Bergemann and Miller 2002). Another

interesting aspect of Russulaceae is that they are often dominant in tropical rain-

forests of Africa, Asia, and Madagascar (Buyck et al. 1996; Lee et al. 1997;

Watling and Lee 1998). Once again, to our knowledge, genet distribution of

ECM comes essentially from temperate ecosystems and virtually nothing is

known for tropical rainforests.
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4.2.2 Methods

In such a context, the aim of this study was to investigate the relative sizes of the

individual genotype of Russula sp. foetentinae in a primary rainforest dominated by

Dipterocarps species using ISSRs. To minimize the possibility of errors in assign-

ing genotypes to genets (see Redecker et al. 2001), we quantified the probability of

obtaining a given genotype by chance and calculated a Pairwise Jaccard’s similarity

among samples. The study site was located in a dense evergreen forest in the

Kadamakal Reserve (12�300N; 75�390E). The annual rainfall reaches 5,200 mm

with a marked dry season from December to March. The vegetation is dominated

by Vateria indica L. (Diperocarpaceae), Humboltia brunonis Wall. (Fabaceae),

Myristica dactyloı̈des Gaertn. (Myristicaceae), and Dipterocarpus indicus Bedd.

(Dipterocarpaceae). They represent more than 48% of the trees and 55% of the

basal area (Pascal and Pélissier 1996) with pioneer species accounting for only

1.1% of the trees. Dominant ECM tree species include V. indica and D. Indicus.
They represent 21% of the tree density (Pascal and Pélissier 1996). Basidiocarps of

Russula sp. foetentinae were collected and mapped to the nearest 0.1 m within a

study plot of 7,700 m2 (110 m � 70 m), represented in Fig. 4.3.

DNA was extracted from each sample of basidiocarp. The molecular identifica-

tion of each Russula sp. foetentinae sporocrap was confirmed using both nuclear

and mitochondrial DNA fragments. The GenBank accession numbers for the

sequences described here are DQ093423 and DQ093424. Finally, ISSR-PCR reac-

tions were performed with three primers named ISSR1 (50BDB (ACA)5), ISSR2

(50DDB (CCA)5), and ISSR3 (50DHB (CGA)5), where B is C, G, or T; D is A, G or

T; H for a A, C or T (Hantula et al. 1996; for protocols see details in Rivière et al.

2005).

4.2.2.1 Spatial Randomness

To determine whether the pattern of basidiocarp distribution was random, aggre-

gated, or regular, we used the first-order pair correlation function G(r). This

function gives the expected number of points at a distance r from an arbitrary

point, divided by the intensity l of the pattern (Diggle 1983; for details see Rivière

et al. 2005)

4.2.2.2 Genotype Identification

In order to test for nonidentity due to somatic, miss-scored gels or reproducibility

problems, we calculated Pairwise Jaccard’s similarity (Sj) between genotypes on

arcsin-transformed data using the following formula: Sj ¼ a/(aþbþc)<; Where a
is number of bands common to both genotypes and b and c the number of bands

present in only one of the two genotypes. All statistical analyses were performed
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using R 2.0.1 (free software available online: http://www.r-project.org – The R

Development Core Team). The histogram of the pairwise Sj was obtained using

Grapher 4.00 (Golden software, Colorado).

4.2.3 Discussion

Forty five basidiocarps of Russula sp. foetentinae were mapped. Spatial analyses of

the point pattern revealed a significant aggregation of the basidiocarps in a central

zone of the study area, representing less than 30% of the total surface prospected.

The first paired correlation function, g(r), showed that 60% of all basidiocarps were

located at a distance lower than 1 m from the nearest basidiocarp. To test the

possibility of reproducibility errors in inferring genets from genotypes, we plotted

all pairwise Jaccard similarity coefficients of genotypes for statistical outliers.
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Fig. 4.3 Spatial distribution of Russula sp. subfoetens sporocarps, Dipterocarpus indicus, and
Vateria indica within the study plot of 7,700 m2 (110 m � 70 m). Tree diameters are indicated
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Our results showed a bell-shaped distribution, typical of randomly mating popula-

tion (detail see Rivière et al. 2005). Identical genotypes were clearly separated from

the right tail of the distribution. Cluster analyses on the 45 ISSR patterns revealed a

total of 29 different genotypes with 18 genotypes represented by only one basidio-

carp and 11 genotypes represented by two to three basidiocarps. Basidiocarps

belonging to the same genet were not necessarily collected on the same day. The

eleven detected genets could be separated into two size classes (Fig. 4.4). Six genets

were large with a diameter ranging from 31 m (genet J) to 70 m (genet D). The five

other genets (A, C, G, I, and K) were of smaller size with diameters ranging from

0.5 m (Genet I) to 5 m (Genet G). ISSRs revealed the presence of large Russula sp.
foetentinae mycelial individuals in the mature Dipterocarps stand we studied. The

largest individual comprises three sporocarps, two of which were situated 70 m

from each other. We are aware that caution is needed in the interpretation of this
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Fig. 4.4 Schematic relative positions and arbitrary sizes of Russula subsect. foetentinae geno-

types plotted on a portion of the Uppangala study site (5,600 m2). Each individual basidiocarp is

identified with an icon (open, sporocarps belonging to a genet; full, individual basidiocarps).
Dotted lines represent arbitrary surfaces of the separate genets
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result. First, the size estimates are based only on the presence of aboveground

fruiting bodies. Second, no connecting sporocarps were found over this distance,

leaving the possibility of an error during handling of the specimens. Third, the

action of fungivores or physical constraints of soil may have separated ECM

mycelia into several genetically identical genotypes or ramets (Dahlberg and

Stenlid 1995; Griffiths et al. 1996). It is however not possible from our data to

assess the extent to which fragmentation has occurred within the mycelial indivi-

duals at the site. Despite all these potential limitations, we found five other large

genets (>30 m) in the study site, which suggests the capacity of Russula sp.

foetentinae individuals to spread over a long distance.

Russulaceae species are usually believed to spread via vegetative reproduction

and to form relatively small genets; e.g., Russula cremolicolor (1.1 m2, Redecker

et al. 2001), Russula brevipes (3–18 m, Bergemann and Miller 2002), Russula
vinosa (<1 m, Liang et al. 2004). Our data indicate genets that are much larger than

previously described for other Russulaceae species, but the presence of large genets

is not uncommon among ECM fungal species. Large genets have been found for

Suillus bovinus and S. variegatus (40 m, Dahlberg and Stenlid 1995; Dahlberg

1997), S. pungens (40 m, Bonello et al. 1998), Pisolithus tinctorius (30 m, Anderson

et al. 1998), and Xerocomus chrysenteron (110 m, Fiore-Donno and Martin 2001).

Comparison with data from the literature is however limited as the size and extent

of the mycelial phase can differ between genera and species or between different

genets of the same species (Bonello et al. 1998; Redecker et al. 2001; Bergemann

and Miller 2002). The presence of large genets may suggest that Russula sp.

foetentinae can colonize by mycelial expansion and may be indicative of more

mature mycelial systems that have grown from point sources of individual mating

events over a long period (Dahlberg and Stenlid 1990). Because the spatial extent of

genets has been correlated with age of host stands (Dahlberg and Stenlid 1994), our

main hypothesis to explain the presence of large genets of Russula sp. foetentinae
would be the absence of disturbance over a long period of time in the studied

primary forest (>100 years, Loffeier 1989). However, the presence of smaller

genets for 18 basidiocarps suggests that Russula sp. foetentinae could also spread

via sexual reproduction of basidiocarps.

Field knowledge is lacking on the ecology of tropical ECM symbiosis, particu-

larly in primary rainforest ecosystems. To date, most studies on ECM fungi in such

ecosystems have consisted in species inventories (Buyck et al. 1996; Béreau et al.

1997; Lee et al. 1997). There is little information about life history strategies of

tropical ECM fungi and only recently, Onguene and Kuyper (2001) revealed in a

tropical forest of Cameroon that ECM fungal mycelium might form important

networks acting as “nursery zones” for young trees. Our results give preliminary

information on reproductive strategies of Russula sp. foetentinae, which may have

important implications in terms of conservation of Asiatic primary rainforests.

Dipterocarps are one of the most important timber species of tropical rain forest

in Southeast Asia and are mostly ECM. Furthermore, they are mainly associated

with Russulaceae and Amanitaceae species (Alexander and H€ogberg 1986; Watling

and Lee 1998). The failure of dipterocarp regeneration in logged forests has been
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related to inadequate or inefficient ECM formations (Smits 1983). The latter have

further been proved to enhance dipterocarps seedling growth both in nursery and in

natural habitats (Lee and Alexander 1994; Lee et al. 1997).

This study represents a first step in our understanding of ECM fungal population

dynamics in tropical primary forest ecosystems but only a snap shot of the genet

distribution of Russula sp. foetentinae. Our results suggest that mature stands may

shelter well-spread underground mycelium and may be crucial for durable interac-

tion with the plant partner. Although the consistency of these results has to be

confirmed on additional sites and over several years, they could be of particular

importance in the light of current destruction of tropical forest or degradation into

secondary stands. Further studies on the temporal persistence of these large genets

and on the consequences of human-induced changes on the dynamics of fungal

populations are urgently needed.

4.3 Conclusion

Nowadays, few field studies looking at ECM species composition and communities

are conducted in tropical rainforests, mainly due to the sites’ inaccessibility. So far,

the only method to link an ECM root tip to a tree has been to physically trace it back

to the stem. Due to molecular methods, it is now feasible to extract fungal and plant

DNA from a single root tip, which allow scientists to unambiguously assign a fungal

species to its specific plant host. Furthermore, molecular fingerprinting methods are

routinely used to identify individual host tree from ECM root tips in addition to

identifying the ECM fungus – from a single DNA extraction. Such efficient methods

are of great help to investigate a new fine scale in the mycorrhizal ecology: it is now

possible to describe the ECM communities between individual trees.

The first study indicates that there is still an unknown diversity of ECM fungi in

tropical rainforests, including new species. It also points to the fact that further

investigations are urgently required of both above- and belowground diversity over

extended periods of time and over larger areas of forest biomes. The second

objective was to evaluate the spatial distribution of individual mycelial systems

in an undisturbed tropical rainforest. The genets identified reveal an underlying vast

mycelium network. Due to unsustainable logging of tropical rainforests, the influ-

ence of destruction of such ECM network, upon subsequent forest restoration, must

be seriously considered.
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Chapter 5

The Molecular Ectomycorrhizal Fungus Essence

in Association: A Review of Differentially

Expressed Fungal Genes During Symbiosis

Formation

Bartolomeu Acioli-Santos, Helder Elı́sio E. Vieira, Cláudia E.P. Lima,

and Leonor C. Maia

5.1 Introduction

The formation of ectomycorrhiza is a complex process governed by biochemical

and molecular interactions that start before the physical contact between potential

partners. This involves intense gene expression control in both partners that leads to

drastic morphological and physiological changes that are crucial to the develop-

ment of mutualism and symbiotic harmony.

The purpose of this chapter was to review the main genes (Expressed Sequence

Tags-ESTs, mRNAs or proteins) from ectomycorrhizal fungi (EMF) expressed in

association with roots or under mycorrhizal stimulus. It was possible to group

a large number of these genes/proteins into different physiological categories

according to probable functions within symbiotic associations. For data collection,

researchers looked at different EMF and host interactions, screened different

experimental conditions and techniques (microarray, DDRT-PCR, subtractive

suppression hybridization techniques, and other approaches). The data were analyzed

and discussed under current microbiological views.

In total 389 ESTs/proteins were listed from different fungal genus and species,

specifically in Pisolithus, Paxillus, Tuber, Suillus and Laccaria. Ectomycorrhizal

genes were grouped in eight physiological categories as follows: cell growth and
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organization, morphogenesis, energy metabolism, protein synthesis and protein inter-

action, transcriptional and translation regulation, ion transport, amino acid and

peptide transport, cell signaling and structural membrane proteins, RNA/DNA pro-

cessing and cell defense and apoptosis.

5.2 Ectomycorrhizal Genes Differentially Expressed During

Symbiosis Formation

5.2.1 Growth and Cell Organization Genes

Ectomycorrhiza formation requires intense cell activity that occurs both before and

during physical contact between potential partners. The class of growth and cell

organization genes encompassed 51 ESTs/proteins (Table 5.1).

The a-tubulin and actin proteins/ESTs were identified in Suillus variegatus,
Paxillus involutus, Tuber borchii and Pisolithus microcarpus mycelia under asso-

ciation. Studies revealed the a-tubulin, actin and associated proteins (actin-binding

proteins) were active in symbiotic tissues (Timonen and Peterson 2002). Also the

centractin-like protein, which functions similar to the tubulin (Menotta et al. 2004),

was isolated from T. borchii–Tilia americanamycelium at 30 days of development.

Expression of centractin is similar to the increased expression of E-MAP 115

(microtubule-associated protein) in Laccaria bicolor–Pinus resinosa mycelium

between 6 and 72 h of contact (Podila et al. 2002). This protein is necessary to

the microtubule complex, cytoskeleton formation, and cell polarity maintenance in

epithelial cells (Masson and Kreis 1993). Likewise, the GAS 2-homologue

(observed in 30-day-old associated T. borchii mycelium) has direct participation

in the reorganization of cytoskeleton and mammal cell exponential growth

(Manzow et al. 1996). The enzyme apparatus that supports these cytoskeleton

proteins is exemplified by the expression of Rho family mRNAs observed in

P. involutus–Betula pendula (repressed at 25 days), T. borchii–Tilia americana
(stimulated at 30 days) and P. microcarpus–Eucalyptus globulus (up-regulated at

12 days) mycelium. Rho family members are involved in molecular signaling

processes prior to cell fission in yeast (Hirata et al. 1998; Imai et al. 2002).

The transcription of elongation factor 1a (translation elongation factor 1a)
promotes ribosome/tRNA binding and regulates growing peptide fidelity. This

molecule was observed in quick-growing cell cultures and is directly related to

cell growth and proliferation in diverse eukaryotes (Condeelis 1995). Increased

transcription of elongation factor 1a was observed in 4-day-old Pisolithus
tinctorius–Eucalyptus globulus mycelium (Voiblet et al. 2001).

Positive expression of Sur4, P300/CBP and septin transcripts at 6–72 h in

L. bicolor–Pinus resinosa mycelium produces proteins important for bipolar

growth in yeast (Zahner et al. 1996), proliferation/cell differentiation (Chan and

La Thangue 2001), and cytokinesis (Tasto et al. 2003). The 26S proteasome
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Table 5.1 Some growth and cell organization genes differentially expressed in ectomycorrizal

fungus

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

26 s Proteasome

regulatory subunit

mts4

Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

Actin Suillus variegatus–Pinus
contorta

1–60d" Timonen et al.

(1996)

Actin Paxillus involutus–Pinus
contorta

1–60d" Timonen et al.

(1996)

Actin Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Actin Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Actin binding protein Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Actin cytoskeleton-

assiociated

Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

Actin-binding protein

Sop2/arp2/Arp3

Pisolithus
tinctorius–Eucalypthus
globulus

4d" Voiblet et al.

(2001)

Actin-like protein 3 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Actin-organizing

complex

Paxillus involutus–Betula
pendula

2#14d# Le Quéré et al.

(2005)

Alpha tubulin Paxillus involutus–Betula
pendula

25d" Johansson et al.

(2004)

Alpha tubulin Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Alpha tubulin Suillus variegatus–Pinus
contorta

1–60d" Timonen et al.

(1996)

Alpha tubulin Paxillus involutus–Pinus
contorta

1–60d" Timonen et al.

(1996)

Alpha tubulin A Paxillus involutus–Betula
pendula

2#14d# Le Quéré et al.

(2005)

Centractin-like protein Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

Chitin synthase I Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Cofilin Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Cornichon homolog Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Cyclophilin Paxillus involutus–Betula
pendula

2–8#14d" Le Quéré et al.

(2005)

E-MAP 115 Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

(continued)
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Table 5.1 (continued)

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

Endopolygalacturonase

1 (pectinase)

Terfezia boudieri–Cistus
incanus

4w" Zaretsky et al.

(2006)

Eukariotic initiation

factor eif-3p66

Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

GAS-2 homologue Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

Histidine-rich protein Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

Lbras Laccaria bicolor–Pinus
resinosa

48h" Sundaram et al.

(2001)

Lis1 homolog Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Matin-type switching

protein

Paxillus involutus–Betula
pendula

2–8"14d# Le Quéré et al.

(2005)

Methionine aminopept. Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Mitotic checkpoint

protein

Pisolithus
microcarpus–Eucalyptus
globulus

4" 7–21d# Duplessis et al.

(2005)a

Myosin-IA Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

P300/CBP Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Rah1/Rad51 Pisolithus
tinctorius–Eucalypthus
globulus

4d# Voiblet et al.

(2001)

Ras Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Ras related protein Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

RAS related protein Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Ras1p Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Ras-related protein Paxillus involutus–Betula
pendula

25d# Johansson et al.

(2004)

Rho 2 protein Paxillus involutus–Betula
pendula

25d# Johansson et al.

(2004)

Rho gdp dissociation Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Rho gdp dissociation Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

(continued)
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regulatory subunit, mts4, is part of a proteolytic degradation complex and is related

to cytoplasmic and nuclear protein degradation, and was found in abundance in the

nuclear periphery during the yeast fission process (Wilkinson et al. 1998) and in

T. borchii–T. americana fungal cells at 30 days of development. The presence of

chitin synthase I transcripts in L. bicolor–P. resinosa may be related with chitin

reposition during cell replication (Santos and Snyder 2005). Similarly, the pectinase

activity observed in Terfezia boudieri mycelium (4 weeks after ectomycorrhizal

stimulation with Cistus incanus (Zaretsky et al. 2006) could be related to roots

tissue invasion during the early symbiosis process (Poinssot et al. 2003).

The observation of Ras family mRNAs in ectomycorrhizal mycelium is difficult

to interpret, due to the diverse functions of this protein family in cells (Lammers

2004). The varied functions of these proteins may explain the lack of a specific

pattern of regulation in different associations (Table 5.1).
Down-regulation of cell resistance and stress response elements, such as the

temperature sensitive suppressor Bem1/Bud5 (Bender and Pringle 1991) and RAH1
(Chowdhury et al. 1992) were identified in some symbiotic mycelia (Table 5.1).

Table 5.1 (continued)

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

Rho gdp dissociation

inhibitor.

Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

Ribonucleotide

reductase

Paxillus involutus–Betula
pendula

2–14d" Le Quéré et al.

(2005)

Ribonucleotide

reductase

Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

Septin Spn3 Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Sur4 Laccaria bicolor–Pinus
resinosa

6–24h" Kim et al.

(1999b)

Sur4 Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Temperature sensitive

suppressor Bem1/

bud5

Paxillus involutus–Betula
pendula

25d# Johansson et al.

(2004)

Translation-elongation

fator 1 alpha

Pisolithus
tinctorius–Eucalypthus
globulus

4d" Voiblet et al.

(2001)

Vacuolar H-ATPase

assembly

Paxillus involutus–Betula
pendula

25d# Johansson et al.

(2004)

YlmF Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

aPresented in additional material. In the time and expression tendency column, hyphen between

numbers indicates interval time, (h) hours, (d) days, and (w) weeks. " Indicates over expression

while # indicates down expression
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5.2.2 Morphogenesis

Only four ESTs have been reported in this category and all of them have increased

expression in L. bicolor–P. resinosa at 6–72 h of development (Podila et al. 2002).

As observed in Table 5.2, all citations are related to homeotic genes.

5.2.3 Energy and Metabolism

In this category, 96 ESTs were recognized that are related to metabolic processes in

different symbiotic combinations (Table 5.3).

5.2.3.1 Carbohydrate Metabolism

In eukaryote cells, carbohydrate metabolism is one of the major bioenergetic path-

ways utilizing simple sugars through glycolysis, the tricarboxylic acid cycle (TCA)

and oxidative phosphorylation. The hexose transporters carry different hexoses

(including glucose) across cell membranes. ESTs of this transporter have been

identified in P. involutus–B. pendula association (2–14 days) potentially indicating

increased metabolic activity during the early physical contact stage (Le Quéré et al.

2005). Sorbitol dehydrogenase expression was repressed in P. involutus from the

second to the eighth day of interaction. Together with the aldose reductase, this

enzyme converts sorbitol (sugar alcohol) into fructose, allowing for further glucose

production without ATP consumption. Sorbitol dehydrogenase down-regulation

may indicate the fungus’s preference for the glucose pathway.

Table 5.2 Some morphogenesis genes differentially expressed in ectomycorrizal fungus

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

Homeobox b4 gene Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Homeobox genes Hox 2.6 Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Teashirt patterning gene Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

You-too homeotic gene Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

In the time and expression tendency column, hyphen between numbers indicates interval time, (h)

hours. " Indicates over expression while # indicates down expression
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Table 5.3 Some energy and metabolism genes differentially expressed in ectomycorrizal fungus

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

a-ketoglutarate
sulfonate

dioxygenase

Tuber borchii–Tilia
platyphyllos

5m" Polidori et al.

(2002)

b-keto thiolase 1 Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

3-GPD-glyceraldehyde

3 phosphate

dehydrogenase

Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Acetyl CoA acetyl

transferase

Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Acid phosphatase Pisolithus
tinctorius–Eucalyptus
urophylla

4d" Lei et al. (1990)

Acyl CoA oxidase Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Adenylylsulfate kinase Paxillus involutus–Betula
pendula

2# 14d# Le Quéré et al.

(2005)

Adrenodoxin Laccaria bicolor–Pinus
resinosa

6–24h" Kim et al.

(1999b)

Aldehyde

dehydrogenase

Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Alpha mannosidase Paxillus involutus–Betula
pendula

12w" Morel et al.

(2005)

Alpha/beta-gliadin

precursor

Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

Alpha-L-rhamnosidase

A precursor

Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

Argininosuccinate

lyase

Paxillus involutus–Betula
pendula

2#14d# Le Quéré et al.

(2005)

Aryl-alcohol

dehydrogenase

Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Asparagine synthase

Asn2p

Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

Aspartate

aminotransferase

Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Aspartic protease Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

ATP synthase subunit Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

ATP synthase subunit f Paxillus involutus–Betula
pendula

2# 4–8" 14d# Le Quéré et al.

(2005)

ATPase F0 subunit 9 Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

B2-aldehyde-forming

enz.

Paxillus involutus–Betula
pendula

2–8#14d" Le Quéré et al.

(2005)

(continued)
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Table 5.3 (continued)

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

CG15406-PA Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

Choline-P-cytidylylt. Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Chorismate synthase Paxillus involutus–Betula
pendula

25d# Johansson et al.

(2004)

Citrate synthase Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

COX1-i1 protein Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

Cyanate lyase Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Cystahione beta

synthase

Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Cysteine proteinase Pisolithus
microcarpus–Eucalyptus
globulus

4–12# 21d" Duplessis et al.

(2005)a

Cyt ochrome c

reductase

Paxillus involutus–Betula
pendula

2–8" 14d# Le Quéré et al.

(2005)

Cytochrome c oxidase Paxillus involutus–Betula
pendula

2–14d" Le Quéré et al.

(2005)

Cytochrome c oxidase Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Delta-1-pyrroline-5-

carboxilate

synthetase

Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Dihydroorotase Paxillus involutus–Betula
pendula

12w" Morel et al.

(2005)

Elastinolytic

metalloprotease

Pisolithus
tinctorius–Eucalyptus
globulus

4d" Voiblet et al.

(2001)

Enolase Tuber borchii–Tilia
platyphyllos

5m" Polidori et al.

(2002)

F1-ATP synthase delta Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Ferrodoxin Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Glucoamylase-related

protein

Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Glycogen branching

enzyme

Terfezia boudieri–Cistus
incanus

4w" Zaretsky et al.

(2006)

Glycosyl hydrolase Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

(continued)
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Table 5.3 (continued)

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

Hemolysin Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Hexokinase Paxillus involutus–Betula
pendula

25d" Johansson et al.

(2004)

Hexokinase Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Hexose transporter Paxillus involutus–Betula
pendula

2–14d" Le Quéré et al.

(2005)

Histidine kinase Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Homoserine kinase Th. Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Inorganic

pyrophosphatase

Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

Isoamyl alcohol

oxidase

Paxillus involutus–Betula
pendula

4–14d" Le Quéré et al.

(2005)

Isocitrate

dehydrogenase

Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Kynurenine 3-

monoxygenase

Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Lactonohydrolase Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Malate dehydrogenase Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Malate dehydrogenase

Mitochondrial

Pisolithus
tinctorius–Eucalyptus
globulus

4d" Voiblet et al.

(2001)

Malate synthase Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Mandelate racemase/

muconate

lactonizing

Pisolithus
tinctorius–Castanea
sativa

12h# Acioli-Santos

et al. (2008)

Methylamine

dehydrogenase

Pisolithus
microcarpus–Eucalyptus
globulus

4–12# 21d" Duplessis et al.

(2005)a

Mg2+ chelatase Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Mitochondrial rib.

protein 15.5 kDa

YmL31

Paxillus involutus–Betula
pendula

25d# Johansson et al.

(2004)

N. enase (ubiquinone) Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

(continued)
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Table 5.3 (continued)

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

NAD-GDH Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

NADH dehydrogenase Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

NAD-malate

dehydrogenase

Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

NADP GDH Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

NADP-dep. Alc.

Dehydrogenase

Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Nar1p Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

Nitrilase Nit1 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Nucleoside

diphosphate kinase

Tuber borchii–Tilia
platyphyllos

5m" Polidori et al.

(2002)

O-acetil-L-homoserine

sulfhydrilase

Paxillus involutus–Betula
pendula

25d" Johansson et al.

(2004)

P-1P-4-tetraphosphat Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

P-2-dehydro-3-

deoxyheptonate

aldolase

Paxillus involutus–Betula
pendula

4–14d" Le Quéré et al.

(2005)

PEP carboxykinase Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Peroxisomal glycolat. Pisolithus
microcarpus–Eucalyptus
globulus

4–12# 21d" Duplessis et al.

(2005)a

Pho88p Paxillus involutus–Betula
pendula

25d# Johansson et al.

(2004)

Phosphorylcholine

transferase Pct1p

Paxillus involutus–Betula
pendula

25d# Johansson et al.

(2004)

P-hydroxybenzoate po. Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Proline iminopeptida.

met.

Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Purine nucleotide-bi. Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Putative diphthine

synthase

Paxillus involutus–Betula
pendula

25d# Johansson et al.

(2004)

(continued)
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Table 5.3 (continued)

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

Putative GDP-

mannose

pyrophosphorylase

Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

Pyruvate

dehydrogenase

Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Pyruvate kinase Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Riboflavin synthase Paxillus involutus–Betula
pendula

2# 14d# Le Quéré et al.

(2005)

Ring-box protein 1 Pisolithus
tinctorius–Eucalyptus
globulus

4d# Voiblet et al.

(2001)

rRNA mitocondrial,

Large sub

Pisolithus
tinctorius–Castanea
sativa

12h# Acioli-Santos

et al. (2008)

S-adenosyl-L-

homocysteine

hydrolase

Pisolithus
tinctorius–Castanea
sativa

12h" Acioli-Santos

et al. (2008)

S-adenosylmethionine Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Shp1 protein

phosphatase

Pisolithus
tinctorius–Eucalyptus
globulus

4d" Voiblet et al.

(2001)

Sorbitol

dehydrogenase

Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Squalene

monooxygenase

Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Stearoyl-Coa

desaturase

Paxillus involutus–Betula
pendula

25d# Johansson et al.

(2004)

Sterol 14 alpha

demethylase

Pisolithus
tinctorius–Eucalyptus
globulus

4d" Voiblet et al.

(2001)

Tyrosinase precursor Paxillus involutus–Betula
pendula

25d" Johansson et al.

(2004)

Ubiquinol-cytochrome Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

UMP-CMP kinase Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Vacuolar ATP

synthase

Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

aPresented in additional material. In the time and expression tendency column, hyphen between

numbers indicates interval time, (h) hours, (d) days, (w) weeks, and (m) month. " indicates over

expression while # indicates down expression
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Hexokinase (the first enzyme of the glycolysis pathway) was up-regulated in

P. involutus–B. pendula (25 days) and in P. microcarpus–E. globulus mycelium

(only on the seventh day).

Positive enolase expression was found in 5-month-old T. borchii–Tilia platy-
phyllos mycelium (Polidori et al. 2002). This enzyme promotes the reversible

conversion of 2-phosphoglycerate to phosphoenolpyruvate (PEP) (Babbitt et al.

1996). Pyruvate kinase, which is up-regulated in 7-day-old P. microcarpus–E.
globulus fungal cells, transforms phosphoenolpyruvate into pyruvate. Between 6

and 72 h of L. bicolor–P. resinosa interaction (Podila et al. 2002) differentially

expressed PEP carboxykinase ESTs were identified. PEP carboxykinase catalyzes

the decarboxylation of GTP (guanidine triphosphate) and oxaloacetate into

phosphoenolpyruvate, GDP (guanidine diphosphate) and CO2.

The conversion of isocitrate into a-ketoglutarate is performed by isocitrate

dehydrogenase within the TCA cycle. This enzyme was identified as up-regulated

in 7-day-old P. microcarpus mycelium. Malate dehydrogenase promotes the

malate–oxaloacetate conversion; the ESTs for this enzyme were determined to be

up-regulated at fourth day of P. tinctorius–E. globulus association. Moreover, in

P. microcarpus, the malate dehydrogenase expression was increased between 7 and

12 days of association with the same host. The malate synthase is indirectly linked

to the Krebs cycle by the glyoxylate pathway (Smith et al. 2003). This enzyme was

up-regulated in L. bicolor–P. resinosa mycelium (6–72 h).

In the respiratory chain, several enzymes were found differentially expressed in

ectomycorrhizal association. The ubiquinol (Q oxidoreductase complex) repre-

sents the second complex of the respiratory chain and is the entry point of

electrons from FADH2 molecules. Transcripts of this ubiquinol were stimulated

in P. microcarpus mycelium at 12 days of ectomycorrhizal development with

E. globulus. Cytochrome c reductase is part of complex III. This enzyme promotes

the electron transfer from coenzyme Q to a cytochrome c molecule (reduction

reaction) and pumps protons out of the mitochondrial matrix (Berg et al. 2004).

The cytochrome c oxidase is the last enzyme of the electron transport chain

(complex IV). The cytochrome c oxidase receives four electrons from cytochrome

c and transfers them to an oxygen molecule. The addition of four H+ protons

converts O2 into two H2O molecules (Berg et al. 2004). Expression of both

enzymes, cytochrome c reductase and cytochrome c oxidase, was increased in

P. involutus–B. pendula (2–14 days) and E. globulus–P. microcarpus associations
(12 days, only cytochrome c oxidase). This expression is consistent with the ATP

synthase subunit activation in both P. involutus and P. microcarpus mycelium.

The ATP synthase complex performs the final ATP formation in the respiratory

chain.

Interestingly in two different situations, mRNAs encoding structural elements of

mitochondria were identified as “repressed” in symbiotic or free-living fungus.

ESTs that encode a 15.5-kDa mitochondrial ribosomal protein YmL31 was isolated

from 25-day-old P. involutus–B. pendula mycelium, while mRNAs encoding

the large mitochondrial subunit, rRNA were observed in P. tinctorius–C. sativa
preinfection mycelium (12 h) (Acioli-Santos et al. 2008).
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5.2.3.2 Lipid Metabolism

In this category, we can exemplify the negative expressions of enzymes that act in

fatty acids, sterols, and hormone synthesis in ectomycorrhizal fungus. Both the

phosphorylcholine transferase, related to the glycerophospholipide and aminopho-

sphate pathways, and stearoyl-CoA desaturase transcript, an enzyme involved in

fatty acids synthesis (Ntambi et al. 1988), was down-regulated in P. involutus
associated with B. pendula (25 days).

The ESTs encoding the sterol-14-alpha-demethylase, involved in sterol synthesis

(Bellamine et al. 1999), was reported as up-regulated in 4-day-old P. tinctorius–
E. globulus mycelium. Others lipid related enzyme transcripts were identified in

L. bicolor associated with P. resinosa. Among these, were mRNA of adrenodoxin,

a gene that produces a protein that acts as an electron carrier in the transformation

of cholesterol to steroid hormones (Lambeth et al. 1979), the acetyl CoA acetyl

transferase, involved in glycerophospholipide metabolism, squalene monooxy-

genase, important in sterol and terpene biosynthesis, and acetyl CoA oxidase,

an enzyme involved in fatty acid oxidation (Emanuelsson et al. 2003). We found

either of the transcripts encoding b-ketothiolase, a participant in fatty acid, pyruvate
and ketone body metabolic pathways (Slater et al. 1998). The b-ketothiolase
expression may indicate the fungal physiology preference towards the fatty acid

catabolism to minimize energy waste. This enzyme was identified in L. bicolor
mycelium with P. resinosa interaction between 6 and 72 h.

5.2.3.3 Amino Acid and Protein Metabolism

In this category, we found ESTs of O-acetyl-L-homoserine sulfhydrylase and

S-adenosyl-L-homocysteine hydrolase, important enzymes in the methionine path-

way (Yamagata 1989), and chorismate synthase, functionally related to production

of aromatic amino acid compounds (phenylalanine, tyrosine and tryptophan) in

bacteria, fungi and plants (Schmid and Amrhein 1995; Macheroux et al. 1999).

Only chorismate synthase was repressed. S-adenosyl-L-homocysteine hydrolase

was identified as over expressed in P. tinctorius–C. sativa preinfection mycelium

(12 h) (Acioli-Santos et al. 2008). In the methionine pathway, the S-adenosyl-

L-homocysteine hydrolase promotes S-adenosyl-L-homocysteine hydrolysis into

adenosine and homocysteine. To the homocysteine, a methyl group is added to

promote methionine formation (Kawalleck et al. 1992). In addition, the ESTs for

cystathione b-synthase were found in L. bicolor–P. resinosa fungal cells (6–72 h),
potentially indicating the involvement of methionine and cysteine metabolism in

ectomycorrhizal associations (Bydlowiski et al. 1998). ESTs for a-ketoglutarate
sulfonate dioxygenase were identified in mycelium of T. borchii–T. platyphyllos
after 5 months of contact. In Saccharomyces cerevisiae, this enzyme can act in the

alternative sulfonated compound pathway (e.g., taurine and isotianato as a sulfur

source) when cells are grown in the absence of sulfate (Hogan et al. 1999).
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The a-mannosidase is involved in glycoprotein synthesis and has been observed

in Aspergillus nidulans (Eades et al. 1998) and Amanita muscaria (Kong 1995).

Transcripts of a-mannosidase were stimulated in P. involutus associated with

B. pendula during 12 weeks of development.

5.2.3.4 Nucleic Acids Metabolism

The dihydroorotase mRNA, involved in the pentose and pyrimidine pathways

(Porter et al. 2004), was identified in 12-week-old P. involutus–B. pendula myce-

lium. The nucleoside diphosphate kinase catalyzes, in turn, the nucleoside diphos-

phate phosphorylation to nucleoside triphosphate; this is a reversible reaction

regulating the nucleotides supplied to the cell (Hasunuma et al. 2003). The nucleo-

side diphosphate kinase was reported in T. borchii–T. platyphyllos association at

5 months of development.

5.2.4 Protein Synthesis and Interaction, Transcriptional
and Translational Regulation

A total of 104 ESTs were grouped in this category, 57 representing genes associated

with the ribosomal machinery, i.e., they encode for ribosomal subunit proteins

(Table 5.4). We observed that the 19 ribosomal genes found in the P. involutus–B.
pendula fungal cells were repressed in 2 to 8 day old symbiosis (Le Quéré et al.

2005), while eight of them were stimulated later (Johansson et al. 2004; Morel et al.

2005). In the P. microcarpus–E. globulus ectomycorrhiza 15 ribosomal genes were

stimulated at 12 days of development. Interestingly, ribosomal P. tinctorius ESTs
were also repressed at the first 12 h of interaction (preinfection) with C. sativa
(Acioli-Santos et al. 2008).

5.2.5 Ions, Amino Acids and Peptides Transports

36 ESTs/genes were categorized into four main groups in this category delineated

as vesicular transport, traffic mitochondrial molecules, ion channels and transpor-

ters and protein transport (Table 5.5). The vesicular transport genes are involved in

aspects of cellular vesicle formation for transport and secretion. As for example,

coatomer zeta subunit, COPII and NIPSNAPI, are genes that produce proteins

directly related to the vesicle formation and solutes secretory transport in the

endoplasmic reticulum and Golgi complex (Kuge et al. 1993; Campbell and

Scheckman 1997; Seroussi et al. 1998), respectively; although the function of

NIPSNAPI is still under speculation. The ESTs for COPII and NIPSNAPI were
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Table 5.4 Some protein synthesis and interaction, transcriptional and translational regulation

genes differentially expressed in ectomycorrizal fungus

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

Bystin Paxillus involutus–Betula
pendula

25d# Johansson et al.

(2004)

Calmodulin A Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Clathrin adapter protein Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

COP9 subunit 7ª Pisolithus
microcarpus–Eucalyptus
globulus

4" 7–21d# Duplessis et al.

(2005)a

Deoxyhypusine synthase Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Dipeptidyl-peptidase IV Terfezia boudieri–Cistus
incanus

4w" Zaretsky et al.

(2006)

Disulfide isomerase Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Elongation factor EF Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Elongation factor EF-1

gamma

Paxillus involutus–Betula
pendula

2–8#14d" Le Quéré et al.

(2005)

Elongation factor EF1a Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Eukariotic initiation

factor eIF4 A

Pisolithus
tinctorius–Eucalyptus
globulus

4d" Voiblet et al.

(2001)

Eukariotic initiation

factor eIF-5

Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Eukariotic initiation

factor eIF-6

Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

GPI anchor transamidase Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Isopeptidase t Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Kexin protein Pisolithus
tinctorius–Eucalyptus
globulus

4d" Voiblet et al.

(2001)

Peptidyl-prolyl cis/ Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Problabe translation

release fator Erf3

Paxillus involutus–Betula
pendula

12S" Morel et al.

(2005)

Proteasome component Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Proteasome p44.5 26S Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

(continued)
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Table 5.4 (continued)

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

Proteasome subunit a Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

PWP2 GTP protein Pisolithus
tinctorius–Eucalyptus
globulus

4d" Voiblet et al.

(2001)

PWP2 periodic trypto.. Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

RE63412p Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Rex p27 protein Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Ribophorin II Paxillus involutus–Betula
pendula

25d# Johansson et al.

(2004)

Ribosomal protein S2 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ribosomal Acid protein

P2

Paxillus involutus–Betula
pendula

25d" Johansson et al.

(2004)

Ribosomal protein Pisolithus
microcarpus–Eucalyptus
globulus

4" 7–21d# Duplessis et al.

(2005)a

Ribosomal protein 136 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ribosomal protein 22 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ribosomal protein 4 S1 Pisolithus
microcarpus–Eucalyptus
globulus

4" 7–21d# Duplessis et al.

(2005)a

Ribosomal protein 4.S1 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Ribosomal protein 4.S1 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Ribosomal protein 4.S2 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Ribosomal protein 4.S9 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Ribosomal protein 40s Paxillus involutus–Betula
pendula

25d" Johansson et al.

(2004)

Ribosomal protein 40s Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Ribosomal protein 40S Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12–21d" Duplessis et al.

(2005)a

(continued)
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Table 5.4 (continued)

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

Ribosomal protein 40S Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12–21d" Duplessis et al.

(2005)a

Ribosomal protein 40s

S10

Paxillus involutus–Betula
pendula

12w" Morel et al.

(2005)

Ribosomal protein 40s

S16

Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ribosomal protein 50S Pisolithus
microcarpus–Eucalyptus
globulus

4–12# 21d" Duplessis et al.

(2005)a

Ribosomal protein 6. l Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12d" 21d# Duplessis et al.

(2005)a

Ribosomal protein 6. L15 Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Ribosomal protein 6..L1 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Ribosomal protein 6.L2 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Ribosomal protein 60S Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Ribosomal protein 60S Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Ribosomal protein E L3 Pisolithus
microcarpus–Eucalyptus
globulus

4" 7–21d# Duplessis et al.

(2005)a

Ribosomal protein E. L2 Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Ribosomal protein E. L4 Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Ribosomal protein E.S15 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Ribosomal protein L10 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ribosomal protein L10 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Ribosomal protein L11 Paxillus involutus–Betula
pendula

25d" Johansson et al.

(2004)

Ribosomal protein L12 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

(continued)
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Table 5.4 (continued)

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

Ribosomal protein L13A Paxillus involutus–Betula
pendula

25d" Johansson et al.

(2004)

Ribosomal protein L15 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ribosomal protein L18 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ribosomal protein L23a Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ribosomal protein L28 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ribosomal protein L31 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ribosomal protein L32 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12d" 21d# Duplessis et al.

(2005)a

Ribosomal protein L37 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ribosomal protein L38 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ribosomal protein L39 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ribosomal protein L41 Paxillus involutus–Betula
pendula

25d" Johansson et al.

(2004)

Ribosomal protein L41 Paxillus involutus–Betula
pendula

2–8# 14d" Le Quéré et al.

(2005)

Ribosomal protein r.L32 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Ribosomal protein r.S25 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Ribosomal protein rs6/l7a Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Ribosomal protein S11

homologue

Paxillus involutus–Betula
pendula

25d" Johansson et al.

(2004)

Ribosomal protein S12 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ribosomal protein S14 Paxillus involutus–Betula
pendula

2–8# 14d" Le Quéré et al.

(2005)

Ribosomal protein S19 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ribosomal protein S2 Pisolithus
microcarpus–Eucalyptus
globulus

4" 7–21d# Duplessis et al.

(2005)a

Ribosomal protein S28 Paxillus involutus–Betula
pendula

12w" Morel et al.

(2005)

Ribosomal protein S29A Paxillus involutus–Betula
pendula

2–14d" Le Quéré et al.

(2005)

(continued)
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Table 5.4 (continued)

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

Ribosomal protein S31 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ribosomal RNA 18S Pisolithus
tinctorius–Castanea
sativa

12h# Acioli-Santos

et al. (2008)

Ribosomal RNA 28S Pisolithus
tinctorius–Castanea
sativa

12h# Acioli-Santos

et al. (2008)

Ribosomal RNA 5S Pisolithus
tinctorius–Castanea
sativa

12h# Acioli-Santos

et al. (2008)

Serine/threonine protein Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Shp1 protein Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Subtilisin–like serine

protease

Paxillus involutus–Betula
pendula

12w" Morel et al.

(2005)

SUG1 26S protein reg sub Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Threonyl-tRNA synthe. Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Transcription elongation

factor tef1-beta

Pisolithus
microcarpus–Eucalyptus
globulus

4" 7–21d# Duplessis et al.

(2005)a

Transcription elongation

factor tef1-g

Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Transcription elongation

factor tef1-g

Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12–21d" Duplessis et al.

(2005)a

Transcription elongation

factor tef1-g

Pisolithus
microcarpus–Eucalyptus
globulus

4–12# 21d" Duplessis et al.

(2005)a

Transcription factor Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Transcription initiation Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Translation initiation fator

3 Sui1p

Paxillus involutus–Betula
pendula

25d# Johansson et al.

(2004)

Translation initiation

SUI1

Paxillus involutus–Betula
pendula

2–8# 14d" Le Quéré et al.

(2005)

Ubiquitin Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Ubiquitin / ribosomal

S27a

Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

(continued)
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down-regulated in P. involutus–B. pendula (25 days) and P. tinctorius–Eucalyptus
globulus (4 days) mycelium, respectively. ESTs encoding for the endosomal Vps

protein complex subunit were isolated from Terfezia boudieri–Cistus incanus
fungal cells. Vps proteins act in particle transport from the Golgi complex to the

cytoplasm vacuole and have been identified in S. cerevisiae cells (Tatsumi et al.

2007). In addition, the Lb-AUT-7 gene is related to the cell mechanisms of phago-

cytosis (Podila et al. 2002).

Mitochondrial trafficking genes identified encode for proteins found in the

mitochondrial inner membrane, which promote nuclear protein transport to mito-

chondria (Rehling et al. 2003; Palmieri 1994), and the mitochondrial carrier

protein, which participates in phosphate anion transport (Palmieri 1994). The

ADP/ATP carrier protein, also a mitochondrial carrier protein, performs transloca-

tion of ADP/ATP to the mitochondrial membranes, and here the protein catalyzes

the reduction reaction of internal ADP to ATP by translocation of a radical

phosphate. Interestingly, the ADP/ATP carried gene was repressed in 25-day-old

P. involutus and B. pendula mycelium. The ADP/ATP carrier protein was also

observed in P. tinctorius associated with E. globulus, both as repressed in the early

and in the late development stages (i.e., at 4 and 21 days of ectomycorrhizal

development) (Table 5.5).

Ion channel proteins were represented by calcium channels (specifically, Al

voltage dependent calcium channels) and acid-sensitive K+ channels. The detection

of a putative Ca2+ transporting ATPase molecule as a calcium carrier was

also reported. Genes for all of these were up-regulated in L. bicolor mycelium

associated with P. resinosa (Kim et al. 1999b; Podila et al. 2002). The plasma

Table 5.4 (continued)

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

Ubiquitin C-terminal Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Ubiquitin like protein Paxillus involutus–Betula
pendula

12S" Morel et al.

(2005)

Ubiquitin-conjugatin Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Ubiquitin-conjugating

enz.

Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

WD40 domain Terfezia boudieri–Cistus
incanus

4S" Zaretsky et al.

(2006)

WD-repeat protein Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

aPresented in additional material. In the time and expression tendency column, hyphen between

numbers indicates interval time, (h) hours, (d) days, (w) weeks, and (m) month. " Indicates over

expression while # indicates down expression
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Table 5.5 Some ion, amino acids and peptide transport genes differentially expressed in ecto-

mycorrizal fungus

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

b-importin Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

A1 voltage dependente calcium

Channel Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Acid sensitive K+ channel Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Adenine nucleotide

translocation

Paxillus involutus–Betula
pendula

25d# Johansson

et al.

(2004)

ADP/ATP carrier protein Paxillus involutus–Betula
pendula

25d# Johansson

et al.

(2004)

ADP-ATP carrier protein Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

BIP protein Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Brefeldin A resistant. Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Calcium channel Laccaria bicolor–Pinus
resinosa

6–24h" Kim et al.

(1999b)

Endosomal Vps protein

complex subunit

Terfezia boudieri–Cistus
incanus

4w" Zaretsky et al.

(2006)

Glutamate transporter Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Golgi memb. sorting protein Paxillus involutus–Betula
pendula

12w" Morel et al.

(2005)

Huntingtin interacti. Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Import protein Tim9p Paxillus involutus–Betula
pendula

2–14d" Le Quéré et al.

(2005)

Lb-AUT7 Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Lb-AUT7-autophagocitose Laccaria bicolor–Pinus
resinosa

6–24h" Kim et al.

(1999a)

Mir1p Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Mitochondrial carrier

protein

Paxillus involutus–Betula
pendula

25d# Johansson

et al.

(2004)

Mitochondrial Carrier

YHM1

Paxillus involutus–Betula
pendula

2–8# 14d" Le Quéré et al.

(2005)

Mitochondrial inner memb.

Translocase subunit

Tim17 homologue

Paxillus involutus–Betula
pendula

25d# Johansson

et al.

(2004)

(continued)
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membrane H(+)-ATPase is involved in inorganic phosphorus transport especially in

low availability conditions (Shen et al. 2006). ESTs for these genes were repressed

in a 2-day-old P. involutus–B. pendula mycelium.

Table 5.5 (continued)

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

MSF Transporter Paxillus involutus–Betula
pendula

25d# Johansson

et al.

(2004)

NIPSNAPI Pisolithus
tinctorius–Eucalyptus
globulus

4d# Voiblet et al.

(2001)

Nuclear Transport factor 2 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Outer membrane protein Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Oxaloacetate transport

protein

Paxillus involutus–Betula
pendula

2–8" 14d# Le Quéré et al.

(2005)

Peptide transport protein Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Plasma membrane H(+)-

ATPase

Paxillus involutus–Betula
pendula

2d# Le Quéré et al.

(2005)

Probable mitochondrial

carrier protein

Paxillus involutus–Betula
pendula

25d# Johansson

et al.

(2004)

Putaive Coatomer zeta

subunit

Paxillus involutus–Betula
pendula

25d" Johansson

et al.

(2004)

Putaive syntaxin Paxillus involutus–Betula
pendula

25d" Johansson

et al.

(2004)

Putative Ca 2+ transporting

ATPase

Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Putative component of

COPII-coated vesicle

Paxillus involutus–Betula
pendula

25d# Johansson

et al.

(2004)

Ran interactin giant

nucleopore protein

Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Ryanodine receptor Laccaria bicolor–Pinus
resinosa

6–24h" Kim et al.

(1999b)

Urea active transport

protein

Paxillus involutus–Betula
pendula

12w" Morel et al.

(2005)

Zn transporter Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)
aPresented in additional material. In the time and expression tendency column, hyphen between

numbers indicates interval time, (h) hours, (d) days, (w) weeks, and (m) month. " Indicates over

expression while # indicates down expression
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In the protein transport class of altered genes, the peptide transporter (stimulated

between 6 and 72 h of L. bicolor and P. involutus mycelium), the nuclear transport

factor 2 (repressed between 2 and 8 days of Paxillus involutus–Betula pendula
association) and ß-importin gene were found. The ß-importin gene encodes for a

protein that translocates histones from the cytoplasm to the nucleus through the

nuclear channel (Jakel et al. 1999); and here it was observed as up-regulated in L.
bicolor–P. resinosa mycelium. The Bip protein, which is related to increased

cellular protein excretion via cellular vesicle, was up-regulated in L. bicolor–
P. resinosa mycelium (Punt et al. 1998).

5.2.6 Signaling and Structural Membrane Proteins

Two groups of molecules are in evidence in this category: the SRAPs (symbiosis-

regulated acidic polypeptides) and hydrophobins (Table 5.6). SRAPs are commonly

observed to be stimulated in P. tinctorius–E. globulus ectomycorrhiza formation

and considered to be a strong association marker for this interaction (Voiblet et al.

2001). However, P. microcarpus–E. globulus mycelium demonstrated several

ESTs that encode for SRAPs that were suppressed in early ectomycorrhizal stages

(Duplessis et al. 2005).

Hydrophobins are small molecular weight peptides that are moderately hydro-

phobic proteins containing eight conserved cysteine residues. They are found in the

hypha cell wall or are secreted by hyphae (Kershaw and Talbot 1998; W€osten
and Vocht 2000; Tagu et al. 2001). Several hydrophobins have been reported in

ectomycorrhiza and many of them are stimulated in fully developed or advanced

stages of symbiosis (Table 5.6). However, recently, a few different hydrophobin

transcripts (hydrophobin 2 and 3) were determined to be repressed during

P. tinctorius – C. sativa preinfections mycelium indicating a difference in hydro-

phobin gene regulation during the early interaction stages (Acioli-Santos et al.

2008).

5.2.7 DNA/RNA Processing

Thirteen ESTs were related to DNA replication and nucleic acid maintenance/

processing. Interestingly, most of these genes were repressed in early ectomy-

corrhizal association (Table 5.7). Maintenance and processing of DNA genes

mostly showed increased expression in the intermediate ectomycorrhiza formation

stage. Helicases, important enzymes during DNA replication, were up-regulated in

P. microcarpus associated with E. globulus at 12 days of association. The coiled

coil domain is related to DNA a-helix folding, and works as a gene expression

controller element (Yu 2002); this was observed in P. involutus associated with B.
pendula (up-regulated between 4 and 8 days).
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Table 5.6 Some signaling and structural membrane protein genes differentially expressed in

ectomycorrizal fungus

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

b-transducin Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

CFTR Laccaria bicolor–Pinus
resinosa

6–24 h" Kim et al.

(1999b)

Cornichon homolog Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Extensin like plant

protein

Amanita muscaria–Picea
abies

2m" Nehls et al.

(1999)

FUN34/ATO protein Pisolithus
microcarpus–Eucalyptus
globulus

4–12# 21d" Duplessis et al.

(2005)a

GNS1/SUR4 family

protein

Paxillus involutus–Betula
pendula

2–14d" Le Quéré et al.

(2005)

GPR/FUN34 family

protein

Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

GTP bindin protein Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Het-c Paxillus involutus–Betula
pendula

2#14d# Le Quéré et al.

(2005)

Hydorphobin hydPt-8 Pisolithus
tinctorius–Eucalyptus
globulus

4d" Voiblet et al.

(2001)

HydPt-1 prom Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Hydrofobin hydPt-1 Pisolithus
tinctorius–Eucalyptus
globulus

0.5–7d" Tagu et al.

(1996)

Hydrofobin hydPt-2 Pisolithus
tinctorius–Eucalyptus
globulus

0.5–7d" Tagu et al.

(1996)

Hydrofobin hydPt-5 Pisolithus
tinctorius–Eucalyptus
globulus

4d" Voiblet et al.

(2001)

Hydrofobin hydPt-6 Pisolithus
tinctorius–Eucalyptus
globulus

4d" Voiblet et al.

(2001)

Hydrophobin-3 precursor Paxillus involutus–Betula
pendula

25d" Johansson et al.

(2004)

Hydrophobin 1 Paxillus involutus–Betula
pendula

4–14d" Le Quéré et al.

(2005)

Hydrophobin hydPt-4 Pisolithus
tinctorius–Eucalyptus
globulus

4d" Voiblet et al.

(2001)

Hydrophobin-2 Pisolithus
tinctorius–Castanea
sativa

12h# Acioli-Santos

et al. (2008)

(continued)
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Table 5.6 (continued)

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

Hydrophobin-2 Pisolithus
microcarpus–Eucalyptus
globulus

4" 7–21d# Duplessis et al.

(2005)a

Hydrophobin-2 Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Hydrophobin-3 Pisolithus
tinctorius–Castanea
sativa

12h# Acioli-Santos

et al. (2008)

Hydrophobin-3 Pisolithus
microcarpus–Eucalyptus
globulus

4" 7–21d# Duplessis et al.

(2005)a

Hydrophobin-3 Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

Hydrophobin-3 Pisolithus
microcarpus–Eucalyptus
globulus

4–12# 21d" Duplessis et al.

(2005)a

IRS1 like protein Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

LZK protein kinase Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Malignant T cell

amplified protein

Paxillus involutus–Betula
pendula

2#14d# Le Quéré et al.

(2005)

Probable membrane

protein YOL 063e

Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Profilaggrin Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Receptor kinase like

protein

Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

S receptor kinase Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

S.ar ribonucleoprotein Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Small ribonucleoprotein Paxillus involutus–Betula
pendula

2–14d" Le Quéré et al.

(2005)

Snod Prot1 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12–21d" Duplessis et al.

(2005)a

Spil-GTP-biding protein Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

SRAP17 Pisolithus
tinctorius–Eucalyptus
globulus

4d" Voiblet et al.

(2001)

SRAP17 Pisolithus
microcarpus–Eucalyptus
globulus

4" 7–21d# Duplessis et al.

(2005)a

(continued)
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In RNA processing, five ESTs showed repressed expression during short inter-

action periods. These ESTs include transcripts that encode for RNA binding motif

protein, PolyA-binding protein, pre-rRNA processing, mRNA maturase bl2 and U6

snRNA-associated Sm-like protein Lsm8. The mRNA maturase bl2 participates in

mRNA splicing (Szczepaneck and Lazowska 1996) and U6 snRNA-associated/

Sm-like protein Lsm8 is a protein within the mRNA decay enzyme complex

(He and Parker 2000).

5.2.8 Cell Defense and Apoptosis

Table 5.8 shows some oxidative defense genes observed in EMF. Brain selenopro-

tein, glutathione peroxidase and thiol-specific antioxidant are enzymes that act to

protect organisms against reactive oxygen species (Moon et al. 1994, Koga et al.

1998). These genes were observed in L. bicolor and P. involutus mycelium.

Table 5.6 (continued)

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

SRAP17 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12–21d" Duplessis et al.

(2005)a

SRAP17 Pisolithus
microcarpus–Eucalyptus
globulus

4–12# 21d" Duplessis et al.

(2005)a

SRAP17 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

SRAP32 Type I Pisolithus
microcarpus–Eucalyptus
globulus

4" 7–21d# Duplessis et al.

(2005)a

SRAP32 Type II Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

SRAP32-1 Pisolithus
tinctorius–Eucalyptus
globulus

4d" Voiblet et al.

(2001)

SRAP32-3 Pisolithus
tinctorius–Eucalyptus
globulus

4d" Voiblet et al.

(2001)

Steroid binding protein Paxillus involutus–Betula
pendula

2#14d# Le Quéré et al.

(2005)

Transmembrane FUN 34

protein

Pisolithus
tinctorius–Eucalyptus
globulus

4d" Voiblet et al.

(2001)

aPresented in additional material. In the time and expression tendency column, hyphen between

numbers indicates interval time, (h) hours, (d) days, (w) weeks, and (m) month. " Indicates over

expression while # indicates down expression
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The metallothionein mRNA identified in P. involutus and P. microcarpus
mycelium and the arsenite ATPase mRNA both have increased expression in

advanced stages of development in their respective ectomycorrhizal systems.

These genes encode for enzymes important for toxic metal tolerance (Haerslev

et al. 1995) and resistance to arsenic (Silver et al. 1989), respectively. Aldose

reductase acts on the metabolism of carbohydrates (such as fructose, mannose,

Table 5.7 Some DNA/RNA processing genes differentially expressed in ectomycorrizal fungus

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

Coiled-coil protein Paxillus involutus–Betula
pendula

2# 4–8" 14d# Le Quéré et al.

(2005)

GATA zinc finger protein Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis

et al.

(2005)a

Helicase homolog Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis

et al.

(2005)a

Histone Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis

et al.

(2005)a

Histone gene complex Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis

et al.

(2005)a

mRNA maturase bl2 Pisolithus
tinctorius–Eucalyptus
globulus

4d# Voiblet et al.

(2001)

PolyA-binding protein Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis

et al.

(2005)a

Pre-rRNA processing Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis

et al.

(2005)a

Rad51 Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis

et al.

(2005)a

RNA binding motif protein Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis

et al.

(2005)a

Sin3 associated poly. Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis

et al.

(2005)a

ssDNA biding protein Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

U6 snRNA-associated

Sm-like protein Lsm8

Pisolithus
tinctorius–Eucalyptus
globulus

4d# Voiblet et al.

(2001)

aPresented in additional material. In the time and expression tendency column, hyphen between

numbers indicates interval time, (h) hours, (d) days, (w) weeks, and (m) month. " Indicates over

expression while # indicates down expression
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Table 5.8 Some cell defense and appopitosis genes differentially expressed in ectomycorrizal

fungus

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

ABC transporter

MSBA

Pisolithus
microcarpus–Eucalyptus
globulus

4" 7–21d# Duplessis et al.

(2005)a

Aldose reductase Paxillus involutus–Betula
pendula

12w" Morel et al.

(2005)

Arsenite-

translocating

ATPase

Paxillus involutus–Betula
pendula

12w" Morel et al.

(2005)

Bap31 protein Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Brain seleno protein Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Calcineurin B

subunit

Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Cycloheximide

resist.

Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12–21d" Duplessis et al.

(2005)a

Cytochrome P450 Paxillus involutus–Betula
pendula

25d# Johansson et al.

(2004)

Cytochrome P450 Paxillus involutus–Betula
pendula

2–8" 14d# Le Quéré et al.

(2005)

Cytochrome P450 Tuber borchii–Tilia americana 30d" Menotta et al.

(2004)

Dna J protein Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Dna J Protein Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Glutathione

peroxidase

Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Glutathione

S-transferase III

Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Glutathione-

S-transferase

Paxillus involutus–Betula
pendula

25d# Johansson et al.

(2004)

Glutathione-

S-transferase

Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Glutathione-

S-transferase

Paxillus involutus–Betula
pendula

2–14d" Le Quéré et al.

(2005)

HSP 104 Pisolithus tinctorius–Castanea
sativa

12h# Acioli-Santos

et al. (2008)

HSP 70 Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

HSP 70-related

protein HSS1

Pisolithus tinctorius–Castanea
sativa

12h# Acioli-Santos

et al. (2008)

HSP 90 BB, 1 beta

isoform

Pisolithus tinctorius–Castanea
sativa

12h# Acioli-Santos

et al. (2008)

(continued)
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Table 5.8 (continued)

Gene Ectomycorrhiza Time/gene

expression tendency

Reference

HSP 10

mitochondrial

Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

LEA protein

homolog

Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Macrolide-binding

protein

Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12–21d" Duplessis et al.

(2005)a

Metallothionein Paxillus involutus–Betula
pendula

25d" Johansson et al.

(2004)

Metallothionein Pisolithus
microcarpus–Eucalyptus
globulus

4–12# 21d" Duplessis et al.

(2005)a

PAPS reductase Paxillus involutus–Betula
pendula

2# 14d# Le Quéré et al.

(2005)

PCAR apoptotic

related

Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Rehydrin-like

protein

Paxillus involutus–Betula
pendula

25d" Johansson et al.

(2004)

Related to

trichodiene

oxygenase

Cytochrome

P450

Tuber borchii–Tilia
americana

30d" Menotta et al.

(2004)

TBP like Cyp450 Laccaria bicolor–Pinus
resinosa

6–72h" Podila et al.

(2002)

Thiol-spec.

antioxidant

protein

Paxillus involutus–Betula
pendula

2–8# 14d" Le Quéré et al.

(2005)

Thioredoxin Paxillus involutus–Betula
pendula

2–8d# Le Quéré et al.

(2005)

Thioredoxin

reductase

Pisolithus
tinctorius–Eucalyptus
globulus

4d" Voiblet et al.

(2001)

Thioredoxin

reductase

Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

Tpo3MFS multidrug

efflux transporter

Paxillus involutus–Betula
pendula

12w" Morel et al.

(2005)

Txl protein Pisolithus
microcarpus–Eucalyptus
globulus

4# 7" 12–21d# Duplessis et al.

(2005)a

WSC4 homolog Pisolithus
microcarpus–Eucalyptus
globulus

4–7# 12" 21d# Duplessis et al.

(2005)a

aPresented in additional material. In the time and expression tendency column, hyphen between

numbers indicates interval time, (h) hours, (d) days, (w) weeks, and (m) month. " Indicates over

expression while # indicates down expression
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and galactose) and, in yeast, is related to several stress response mechanisms

such as NaCl, H2O2 and carbon unavailability (Aguilera and Prieto 2001). Aldose

reductase ESTs were identified as up-regulated in 12-week-old P. involutus–
B. pendula mycelium (Morel et al. 2005).

Glutathione S transferase acts to detoxify the cell (Hayes and Pulford 1995) and

was identified in ectomycorrhiza mycelium. Podila et al. (2002) observed up

regulation of Glutathione S transferase III in L. bicolor associated with P. resinosa
between 6 and 72 h of contact. However, Johansson et al. (2004) identified the same

gene repressed in mycelium from P. involutus–B. pendula symbiosis at 25 days of

association.

The cytochrome P450 family acts broadly in many oxidative functions including

defense mechanisms and stress resistance (Chapple 1998). Cytochrome P450 ESTs

were identified in different ectomycorrhizal combinations (Table 5.8). Rehydrin

ESTs were observed overexpressed after 25 days in P. involutus–B. pendula
mycelium potentially relating to dehydration resistance (Velten and Oliver 2001).

The HSP (heat shock proteins) are stress cellular response proteins with the major

cellular HSPs including HSP60, HSP70 and HSP90 (molecular weights of 60 kD,

70 kD and 90 kD, respectively). These proteins play an essential chaperone role

facilitating intracellular transport and peptide interactions (Gupta 1995). Five HSP

ESTs were observed as differentially expressed in mycelium associated (or in the

process of association) with different host plants. In P. tinctorius–C. sativa system

(Acioli-Santos et al. 2008); the mycelium showed three HSP transcripts down

regulated after 12 h (HSP90BB 1 beta isoform, HSP70 HSS1-related protein, and

HSP104) in response to mycorrhizal stimulus. The HSP70 EST was also observed

repressed in P. involutus–B. pendula fungal cells (2–8 days). Finally, the HSP10

was repressed in P. microcarpus–E. globulus during early and then late symbiosis

development. These data suggest a HSP repression trend in short interaction/

formation intervals.

The PCAR apoptotic gene was observed in L. bicolor–P. resinosa fungal cells

(Podila et al. 2002) and may be related to the hyphal apoptosis processes because

apoptotic genes have been identified in yeast (Madeo et al. 2002).

5.3 Conclusions

Symbiotic ectomycorrhizal final tissue results from roots and fungal cells interaction

under temporal/spatial regulation by both partner genetic programs. This process

involves environmental sensing and cell–cell communication that culminates in the

construction of new symbiotic structures. The reviewed data indicates the use of

new genetic programs during different ectomycorrhizal phases. Thus, related genes

change expression levels during formation and maintenance of symbiotic relation-

ships; however, all of them are basally expressed in most symbiotic conditions.

There seems to be a tendency for gene expression suppression (down-regulation)

during short association periods or even the preinfection interaction. This tendency
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can be observed in protein synthesis genes, carbon metabolism genes and mem-

brane proteins like SRAPs and hydrophobins, which are proteins believed to be

important agents for ectomycorrhiza formation. If these findings are confirmed, the

research focus for association genetic markers should be directed toward studying

shorter interaction intervals to identify potentials key elements of ectomycorrhizal

development.

However, in several experiments not discussed in this chapter, genes of unknown

function that could be potential participants in ectomycorrhizal associations (Podila

et al. 2002; Menotta et al. 2004; Johansson et al. 2004; Acioli-Santos et al. 2008;

Martin et al. 2008) were observed. This fact highlights a knowledge gap concerning

fungal origin sequences in symbiosis and the urgent emerging need to encourage

future studies in molecular ectomycorrhizal associations.
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Chapter 6

Agrobacterium tumefaciens-Mediated

Transformation of Ectomycorrhizal Fungi

Minna J. Kemppainen, Maria C. Alvarez Crespo, and Alejandro G. Pardo

6.1 Introduction

Introduction of homologous or heterologous genes into filamentous fungi requires

DNA-mediated transformation systems. The breakthrough of efficient fungal trans-

formation took place with the yeast Saccharomyces cerevisiae (Hinnen et al. 1978).
This advance rapidly led to the development of DNA-transformation techniques for

ascomycete filamentous model species such as Neurospora crassa and Aspergillus
nidulans (Case et al. 1979; Ballance et al 1983; Tilburn et al. 1983; Yelton et al.

1984) which later on were used for genetic transformation of basidiomycete

dimorphic pathogenic species such as Ustilago maydis and Cryptococcus neofor-
mans (Wang et al. 1988; Edman and Kwon-Chung 1990) and filamentous sapro-

trophic basidiomycetes such as Schizophyllum commune, Phanerochaete
crysosporum, Coprinus spp. and Agaricus bisporus (Binninger et al. 1987; Specht
et al. 1988; Alic et al. 1989; van de Rhee et al. 1996). Most of these methodologies

are based on permeabilization of cell membranes with polyethylene glycol (PEG)

or electroporation, or a combination of both (Punt et al. 1987; Richey et al. 1989;

Ward et al. 1989; Chakraborty and Kapoor 1990; Kuwano et al. 2008) and generally

require preparation of fungal protoplasts. Introduction of DNA can be accompanied

with restriction enzyme-mediated integration (REMI) for increasing transformation

frequency (Kahmann and Basse 1999). Also direct introduction of DNA into intact

cells by particle bombardment has been used for transforming filamentous fungi

(Lorito et al. 1993; Christiansen et al. 1995). Transformation of filamentous fungi is

traditionally carried out with linear or circular DNA that integrates into the fungal

genome by nonhomologous or homologous integration mechanisms. The frequency
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of homologous vs. nonhomologous integration varies and it is highly dependent on

the fungal species. The massive genetic research over the last 30 years on model

filamentous ascomycetes has led to the availability of several integrative transfor-

mation vectors and genetic tools for this group of fungi. Also auto-replicative DNA

elements are available for transformation of some fungal species such as

A. nidulans and U. maydis (Tsukuda et al. 1988; Aleksenko 1994). Transformants

selection of filamentous fungi is performed either with nutritional markers, requir-

ing auxotrophic strains, or with dominant antibiotic markers. The most common

antibiotic markers used for fungal transformation are hygromycin B, phelomycin,

bialophos, sulfonylurea, nourseothricin, carboxin, blasticidin S and benomyl

(Weld et al. 2006).

The transformation efficiency of filamentous fungi by traditional transformation

techniques is often limited by the researcher’s capacity to produce the necessary

quantity of viable protoplasts. This is rather challenging and it is carried out by

enzymatic degradation of the fungal cell wall. Optimizing the cell wall degradation

protocol can be complicated by differences in the physiological state of the starting

fungal material and batch variations in commercially available enzyme prepara-

tions. Successful protoplast preparation also generally requires young homogenous

hyphal material. This is preferably obtained by freshly germinating sexual or

asexual spores, oidia, or the yeast-phase of dimorphic filamentous fungi. If these

are not produced by the fungus under study, vegetative mycelium can also be used

for protoplast production. This is however not an optimal material due to wide

physiological variation between different parts of the mycelium. Also PEG is

known to cause fusion of protoplasts in filamentous fungi and fungal cells used to

prepare protoplasts of A. nidulans usually contain multiple nuclei (Fiddy and Trinci

1976; Kuwano et al. 2008).

6.2 Genetic Modification of ECM Fungi with Traditional

Transformation Methods

Basidiomycete ECM fungi have turned out to be especially difficult to modify

via traditional genetic transformation methods. This is partly due to the fact that

spore production cannot be obtained under laboratory conditions and production of

viable protoplast needed for many transformation techniques has been difficult and

requires working with rather slowly growing vegetative mycelia. On the other hand,

regeneration of protoplast is extremely difficult for many ECM fungi, presenting

another obstacle for genetic transformation. Furthermore, many antibiotic markers

used for ascomycetes cannot be used in basidiomycetes due to natural resistance.

Despite these difficulties some ECM fungi such as Hebeloma cylindrosporum
and Laccaria laccata have been transformed via protoplast (Barret et al. 1990;

Marmeisse et al. 1992). Particle bombardment mediated transformation, avoiding

tedious protoplast production, has been reported for Paxillus involutus, Pisolithus
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tinctorius and Suillus spp. (Bills et al. 1995; Rodrı́guez-Tovar et al. 2005;

Sunagawa et al. 2007) and also for Laccaria bicolor (Bills et al. 1999). However,
the transformation efficiencies of ECM fungi have been rather low and obtaining

transformants has been irregular and time consuming. Therefore, these original

reports have not led to the efficient and widespread use of genetic fungal transfor-

mation in mycorrhizal research. On the other hand, the lack of functional genetic

tools adapted to filamentous basidiomycetes (transformation plasmids adapted to

ECM fungi, availability of selection markers, etc.) partly due to the low number

of researchers dedicated to the subject has slowed down the advances in genetic

transformation of ECM fungi.

6.3 Agrobacterium-Mediated Transformation of Fungi

Agrobacterium tumefaciens and A. rhizogenes are Gram-negative bacteria which

cause crown gall tumors and hairy root disease in their natural hosts, dicotyledon-

ous plants. These diseases are caused by the transfer of plant hormone biosynthesis

genes and genes responsible for production of opine from bacteria to the plant.

These genes are located in Ti-(tumor inducing) and Ri (root inducing)-plasmids

and transferred as single-stranded T-DNA (ssT-DNA or T-strand), via a type IV

secretion system to the host cell where then double-stranded T-DNA (dsT-DNA or

T-DNA) incorporates in the host genome (Ream 2009). Opines produced by the

plant in tumor tissue are used by the bacteria as C and N sources. For a long time

Agrobacterium was thought to be the only example of horizontal interkingdom

gene transfer in nature but also some other bacteria such as Rhizobium sp. NGR234,
Sinorhizobium meliloti and Mesorhizobium loti were demonstrated to be capable

of genetically transforming different plant tissues and plant species (Broothaerts

et al. 2005).

The natural capacity of Agrobacterium to transfer genes to intact plant cells has

been exploited by plant researchers to genetically modify both dicotyledonous and

monocotyledonous plants for decades. Agrobacterium-mediated transformation

(AMT) had already become a routine tool in plant sciences in the 1980s. The

finding that the natural oncogenes in the T-DNA could be replaced by sequences

of interest, and that these were equally transferred to the host plant for trans-genesis

revolutionized plant research. Development of binary vector systems, where the

T-DNA and virulence genes in a large size Ti-plasmid (~200 kb) were separated

into two different replicons, an easily handled T-DNA containing binary vector and

a virulence Ti-helper plasmid, also greatly increased the use of Agrobacterium in

plant transformation (de Framond et al. 1983; Hoekema et al. 1983).

In 1995 Bundock et al. published the first report on AMT of Saccharomyces
cerevisiae demonstrating that A. tumefacies is capable of transferring T-DNA not

only to its natural hosts, plants, but also to fungi. This finding initiated a true

revolution in fungal research. Demonstration of AMT of filamentous ascomycetes

(de Groot et al. 1998) has led to the widespread use of Agrobacterium as a tool
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for fungal transformation. Several ascomycetes, basidiomycetes and also zygomy-

cetes have been shown to be susceptible to this transformation methodology

(Michielse et al. 2005b) and new fungal species are joining this group with

increasing speed. The great benefit of AMT of fungi is that there is no need for

complicated protoplast preparation. Intact fungal cells can be transformed via

Agrobacterium and these cells can originate from different sources available:

spores, germlings, vegetative mycelium or even fruiting body tissue. Many fungal

species, before recalcitrant to or presenting very low transformation efficiencies

with traditional gene transformation methods, have been efficiently modified via

AMT. These also include several filamentous basidiomycetes. Despite the wide

success of AMT on fungi not all species are transformed with this technique.

Furthermore, the fungal susceptibility to AMT has been show to vary between

different isolates of the same species (Covert et al. 2001; Sullivan et al. 2002;

Fitzgerald et al. 2003). The precise reasons for this variation are not known but

strain-specific variations on cell wall structures could be involved. Also several

studies have shown that Agrobacterium strain/binary vector combination used is a

fundamental factor for fungal transformation efficiency (Vijn and Govers 2003;

Park and Kim 2004).

6.4 AMT of ECM Fungi

Successful Agrobacterium transformation of the homobasidiomycete Agaricus
bisporus with hygromycin B resistance (de Groot et al. 1998; Chen et al. 2000)

gave the first insight that AMT could also be used for genetic transformation of

basidiomycete ECM fungi. This transformation method was soon proved functional

by transforming vegetative mycelia of the ECM fungi Suillus bovinus, Paxillus
involutus and Hebeloma cylindrosporum with the Streptoalloteicus hindustanus
phleomycin resistance gene (Sh BLE) and the Escherichia coli hygromycin resis-

tance gene (hph) as selection markers (Pardo et al. 2002; Hanif et al. 2002; Combier

et al. 2003). Other AMT-modified ECM fungi are Pisolithus tinctorius (Pardo et al.
2005; Rodrı́guez-Tovar et al. 2005) and Laccaria bicolor (Kemppainen et al. 2005).

Tuber borchii, the model ascomycete ECM fungus, has also been transformed with

Agrobacterium. This transformation, however, did not lead to stable genomic

integrations of the transgenes (Grimaldi et al. 2005). A similar situation has been

shown in ECM basidiomycetes with phleomycin resistance as selection marker

(Pardo et al. 2002, 2005). Also the ECM fungus Amanita muscaria has not been

successfully transformed with Agrobacterium (Nehls, personal communication).

It is clear that susceptibility of EMC fungi to AMT shows species variation

and setting-up an AMT-based transformation system for a new species requires

optimization.

Figure 6.1 shows a comparison between different transformation methods of

fungi.
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6.5 AMT-Mechanisms: T-DNA Transfer to the Host Cell

Agrobacterium natural hosts are plants but it can also transfer the T-DNA element

to other eukaryotic cells such as fungi and also, under laboratory conditions to,

mammalian cells (Kunik et al. 2001). The T-DNA transfer has been exhaustively

studied in plant cells (McCullen and Binns 2006; Citovsky et al. 2007; Dafny-Yelin

et al. 2008; Gelvin 2009; Ream 2009). How horizontal gene transfer between

Agrobacterium and other nonplant hosts is carried out and which are the funda-

mental processes shared between all the hosts is not yet known (Lacroix et al.

2006). AMT is already a well established and a routine transformation method for

many fungal species. Despite its popular use the knowledge on AMT of fungi at the

molecular level is minimal and should receive more research interests in future.

The T-DNA transfer between bacteria and the plant host is a multistep process

and it can be divided into three fundamental phases: (1) pretransfer bacterial

processes, (2) T-DNA transfer and (3) host-cell events leading to T-DNA integra-

tion in the host genome. Steps 1 and 2 are mostly controlled by the bacterial protein-

machinery but step 3 depends both on imported bacterial proteins and host cellular

mechanisms. Agrobacterium-infection also activates several plant-host defense

mechanisms such as production of reactive oxygen species, systemic acquired

resistance processes and RNA silencing during early stages of the interaction but

AMT

cost/difficulty: low/high high/highlow/high low/low

intact cells

protoplasts

PEG/CaCl2-mediated transformation

electroporation particle bombardment

fungal starting material:
vegetative myceliaspores

fruiting body
tissueprotoplast preparation challenging,

mycelia regeneration often difficult
germlings

yeast cells

transgene copy number:

typically multiple predominantly single

transgene integrity after
genomic integration

variable highly conserved

Fig. 6.1 A comparison of traditional genetic transformation methods and AMT of fungi. Most of

the traditional methods require tedious preparation of protoplast, which is not the case for AMT.

Also the number of AMT integrated transgenes is generally low and their integrity highly

conserved making analysis of transformed strains simple. The cost/difficulty comparison includes

both the price of reagents and special equipments needed, and the overall efficiency of each fungal

transformation method
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these are attenuated afterwards probably by direct repression of defense genes by

the bacterium. Even though several factors participating in T-DNA mobilization

and integration are known, the full understanding of AMT on plant cells is still

incomplete and under active research.

6.5.1 Pretransfer Bacterial Processes Leading to T-DNA
Mobilization

These events depend on the activity of bacterial chromosomal virulence genes (chv)
and tumor-inducing Ti plasmid virulence genes (vir) which control host recogni-

tion, attachment and T-DNA production.

Host cell recognition starts by sensing the vicinity of a wounded plant. Wounded

plant cells release phenolic compounds that are detected by the Agrobacterium two-

component regulatory system of VirA and VirG and this induction leads to activa-

tion of other vir genes responsible for T-DNA mobilization. Acetosyringone

(3,5-Dimethoxyacetophenone) a commercially available phenolic molecule, is a

potent inducer of Agrobacterium and is used for inducing bacteria for transforming

nonplant hosts or increasing plant transformation efficiency. The inner-membrane

protein VirA, a kinase present as a dimer, detects the phenolic compound and this

leads to its autophosphorylation. This phosphorylation is further transferred to

VirG, a transcriptional activator protein with DNA-binding capacity. The activated

VirG causes transcriptional activation of itself and other vir-genes in the Ti plasmid

[such as virB operon genes (1–11), virD1, virD2, virD4, virE1, virE2, virE3]. The
chromosomally encoded ChvE protein, present in the periplasmic space further

increases the vir-gene induction level by interacting with VirA in the presence of

aldose monosaccharides, low pH and low phosphorus conditions. Activity of virD1

and virD2 proteins leads to excision and liberation of a single-stranded DNA

molecule, T-strand, from the T-region of the Ti plasmid. This region is surrounded

by 24-bp border repeats called left- and right border (LB and RB respectively)

forming the T-DNA. The VirD1-VirD2 heterodimer nicks the T-DNA at the border

repeats and VirD2 covalently binds to the 50 end of it. The VirD2/T-strand is further
mobilized towards the bacterial membrane for horizontal transfer.

6.5.2 T-Strand Transfer

VirB proteins (1–11) and virD4 are structural compounds of a specialized trans-

membrane type IV secretion system (T4SS) apparatus with a T-pilus. These

generally localize to cell poles of Agrobacterium. The T4SS is used for transferring

VirD2/T-strand to the host cell. Also several virulence proteins (VirE2, VirE3, VirF

and VirD5) are transported via T4SS to the host. VirD4 of the transporter has ATP
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binding domains and it has been shown to interact with transported virulence

proteins and T-strand indicating that VirD4 physically mediates and, most likely

also provides energy for their transport. The export of VirE2 needs a chaperon

protein VirE1 that avoids VirE2 to form filamentous aggregates with itself.

Attachment of Agrobacterium cells to the host cell is fundamental for T-strand

transfer. The nature of how bacteria interact with plant host cell wall is not clear.

Bacterial chromosomal genes seem to be needed for this step. Several putative

bacterial receptors and host proteins are postulated to be involved, such as victro-

nectin-like protein, rhicadhesin protein, a cellulose synthatase-like protein, and

several VirB2-interacting proteins. The attachment of Agrobacterium to the host

cell is not Ti-plasmid dependent, ruling out attachment via T-pilus. On the other

hand, chromosomal genes chvA, chvB and pscA(exoC), involved in synthesis and/or
localization of b 1-2-glucan are required even though the role of this compound in

attachment is not clear.

Exactly how the VirD2/T-strand conjugate and Vir-proteins are transferred to

the host cell cytoplasm is not yet understood. In T4SS-directed plasmid conjuga-

tions between bacteria the role of the pilus seems to be pulling the cells close

together forming the so called mating junction. This is characterized in Gram-

negative bacteria by fusion of outer membranes and there is no evidence of pilus in

the sites of genetic material transfer. Whether similar membrane unions are taking

place between Agrobacterium and the recipient eukaryotic cell is not known.

6.5.3 Host Cell Events Leading to T-DNA Integration in the Host
Genome

Once within the host cell VirD2/T-strand conjugate is believed to be covered with

VirE2 to form the T-complex. VirE2 is believed to protect the T-strand from

nuclease attacks because in the absence of this protein T-DNA integrations are

often truncated at their left ends. Recent data is, however, indicating that the

covering of T-strand by VirE2 would be taking place in the nucleus and not in

the cytoplasm (Ream 2009). VirD2 has a nuclear localization signal and T-strand

is moved, probably by an active dynein motor mechanism towards host cell

nucleus. Host proteins would be involved in this intracellular transport. Also

VirE2 promotes localization of T-strand to the nucleus. VirD5 might function in

plants to aid nuclear localization of VirE2.

Plant proteins VIP1 and a-importin proteins are involved in nuclear import of

VirE2. VirE3 can mimic the function of VIP1 and probably participate in the

nuclear import of VirE2. VirD2-T-DNA conjugate is most probably transported

across the nuclear membrane by an a-importin 1 protein. Nuclear localization

signal of VirD2 is fundamental for T-strand entrance to the nucleus.

Once inside the nucleus the T-complex may be directed to chromatin with the

assistance of plant VIP2 protein for integration. Also VIP1 has been proposed to
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play role in T-DNA integration by interacting with histone H2A. VIP2 seems to be

required for stable, but not transient transformation of plants. A targeted proteolysis

of VirE2 takes place with the assistance of nuclear localizing VirF protein and prior

to integration in host genome the ssT-DNA (T-strand) is completed to the ds-form

(T-DNA) by host DNA repair mechanisms. Later on DNA breaks are produced in

the host genome and the dsT-DNA is ligated to these breaks. Complete understand-

ing of these integration events is still missing. Most likely double-stranded breaks

are involved.

Integration events are conducted by host proteins and the T-DNA can be

integrated via nonhomologous end joining (NHEJ) or homologous recombination

(HR) mechanisms depending on the predominant host mechanism of DNA integra-

tion. HR can take place if T-DNA shares homology with the recipient genome. In

plants T-DNA integration occurs predominantly via NHEJ while in other nonplant

hosts also HR-integration can take place.

6.6 Molecular Mechanism of AMT in Fungi

AMT of fungi depends on acetosyringone induction of Agrobacterium indicating

participation of vir-genes and T4SS in T-strand transfer to a nonplant host (de Groot

et al. 1998). The bacterial pretransfer steps are therefore most probably identical

during transformation of plant and nonplant hosts. However, the attachment,

T-strand transfer and host-cell directed events of T-DNA integration show some

differences between different eukaryotic hosts. Most information for these differ-

ences comes from AMT of S. cerevisieae and Aspergillus awamori with Agrobac-
terium strains mutated in different virulence genes (Bundock et al. 1995; Piers et al.

1996; Michielse et al. 2004a, b). A different requirement for VirE protein has been

reported. While lack of this protein almost inhibits transformation of plants, fungal

transformation efficiency is only reduced. Also transformation of yeast with Agro-
bacterium mutated in chvA, chvB and exoC is as efficient as with a wild type strain.

Activity of these chromosomally encoded proteins is shown to be fundamental for

attachment and transformation of plant cells but does not seem to play an important

role in AMT of fungi. Interestingly, ChvA and ChvB are needed for attachment

to human cells (Kunik et al. 2001) demonstrating that variation exist in require-

ments of AMT on different nonplant hosts. Yeast and human cells also lack plant

type VIP1 protein which is involved in nuclear import of VirE2. However,

bacterial origin VirE3 can mimic the VIP1 function and could partly explain the

functionality of AMT in these nonplant hosts.

The T-DNA integration step is conducted mainly by the host-cell protein

machinery. Therefore, it shows significant difference between plant and nonplant

hosts and is also dependent on the nucleotide sequence of the T-DNA. While in

plants T-DNA, even in the presence of long flanks homologous to plant genome,

integrates via a nonhomologous end-joining mechanism, in nonplant species, such

as fungi, both homologous (HR) and nonhomologous recombination (NHR)
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mechanisms can participate in T-DNA integration. Which cellular mechanism is

dominant depends on the organism, length of homologous sequence in the T-DNA

and the degree of homology. The main molecular knowledge of T-DNA integration

comes from S. cerevisiaewhere both NHEJ and HR take place. Several DNA-repair

genes have been demonstrated to be essential or participate in HR and NHR of

T-DNA (van Attikum et al. 2001; van Attikum and Hooykaas 2003). In yeast the

Ku70 encoding gene is determinant for NHR and Rad52 for HR, and double

mutants of these genes are completely blocked in T-DNA integration (van Attikum

and Hooykaas 2003). The information on HR in yeast has been exploited by

plant researchers to improve low HR rates presented in these organisms. The

heterologous expression of another yeast DNA-repair protein, Rad54 involved in

HR, in plant cells has resulted in increased homologous T-DNA integration in this

system (Shaked et al. 2005).

6.7 Use of AMT in Fungal Genetics

The capacity of Agrobacterium to transfer genetic material to fungi has been

increasingly used for genetic modification of this group of eukaryotes (Michielse

et al. 2005b; Weld et al. 2006). It has proven to be a powerful tool for filamentous

fungi overcoming problems rising from traditional DNA based transformation

techniques such as the need for protoplast preparation. AMT has also resulted in

higher transformation efficiencies in many fungal species for which other transfor-

mation methods already existed resulting in less complex transgene integration

patterns. Traditional transformation methods, such as PEG mediated transforma-

tion, electroporation and particle bombardment, generally produce a high percent-

age of multiple and often tandem transgene integrations. This has complicated the

interpretation of produced fungal phenotypes. AMT on the other hand results in

predominantly single integration of the T-DNA in the fungal genome and this

integration, in absence of homologous sequences, occurs randomly enough for

making random gene tagging possible. Sequencing of fungal genomes has initiated

a true interest for functional genomics research in filamentous fungi. This requires

the optimization of high-throughput transformation and gene disruption tools such

as AMT.

6.8 AMT-Mediated Random Gene Tagging

Traditional fungal transformation methods generally produce multiple transgene

integration events. The transgene copy number can be reduced by incorporating a

REMI step but the use of restriction enzymes can lead to genomic reorganizations

and phenotypes not linked to the integration site of the transgene. The number of

T-DNAs integrated in the fungal genome via AMT can also vary. The number of
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integrations can be influenced by factors such as cocultivation time, concentration

of acetosyringone or bacterial/fungal cell ratio during transformation. Despite the

species and transformation protocol a high percentage (50–80%) of Agrobacterium
transformed fungal strains are reported to carry a single T-DNA integration

(Michielse et al. 2005b). This is a much higher percentage than with AMT of plants

which generally produces multilocus and/or multicopy integrations. Even though

small deletions in the border sequences of the integrated T-DNAs are common

in fungi, as in transformed plants, the T-DNAs of known sequence are usually

quite complete making integration site analysis by PCR-based methods such as

TAIL-PCR or inverted PCR possible. Due to this predominant single transgene

copy integration nature, AMT has been the preferred methodology for producing

random insertional fungal libraries of Magnaporthe grisea, Cryptococcus neofor-
mans, Leptosphaeria maculans and Colletotrichum higginsianum (Tsuji et al. 2003;

Idnurm et al. 2004; Walton et al. 2005; Betts et al. 2007; Blaise et al. 2007; Jeon

et al. 2007; Li et al. 2007; Talhinhas et al. 2008; Huser et al. 2009). These random

gene disruption collections have been used for successful identification of novel

gene functions involved in fungal pathogenesis.

The AMT random tagging methodology can also be used for detecting promo-

ters or increase transcription of contiguous genes. These can be done by enhancer

trap constructions where a minimal promoter is linked to a reporter gene, with a

promoterless reporter gene construct or placing a strong promoter close to the

border of the T-DNA. These approaches have been used in fungi with traditional

transformation methods but not yet with AMT. There is no reason to believe

that these genetic modification techniques are not compatible with AMT. Also

incorporation of autoreplicative elements in transferred T-DNAs has been shown to

enhance transformation efficiency in S. cerevisiae. In this case the T-DNA does not

need to integrate in the recipient genome (Bundock et al. 1995). Even though

autoreplicative sequences are available for some filamentous fungi, these have

not been used in combination with AMT.

6.9 Is Random T-DNA Tagging of Fungal Genome

Really at Random?

The randomness of T-DNA integration in the recipient genome has been a matter

of ongoing scientific debate which has direct implications on the use of AMT

in saturated mutagenesis. Several plant studies have indicated a bias towards

transcriptionally active sites, especially in regulatory regions (Koncz et al. 1989;

Brunaud et al. 2002; Alonso et al. 2003; Sallaud et al. 2004). The transcriptional

status and the open chromatin structure have been proposed to determine this

T-DNA attraction to gene-rich zones. However, recent studies on plants are indi-

cating that this observed bias has been an artifact of T-DNA libraries generated

under selection pressure. Analysis of plant T-DNA target sites under selection-free

conditions indicates that the integration profile of T-DNAs in the plant genome is
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more random than previously believed (Kim et al. 2007). Recovery of transgenic

lines under selection pressure requires a strong expression of the selection marker

carried by the T-DNA. This is more probable in transcriptionally gene-rich zones

than in heterochromatin integrations where transcription of the selection marker

can be hindered by the epigenetic status of the integration site (Francis and

Spiker 2005).

Similar biased T-DNA integration has been reported for filamentous fungi. A

preference of T-DNA to integrate in fungal promoters and gene rich regions has

been reported for M. grisea and C. neoformans (Walton et al. 2005; Choi et al.

2007; Li et al. 2007; Meng et al. 2007). The T-DNA tagged analyzed fungal strains

in these studies were all originated from selective conditions. Therefore, it is highly

probable that T-DNA integration is also more random in fungi as now postulated for

plants. From the point of view of use of AMT for random mutagenesis and

transgene expression this bias towards gene rich zone is however more a benefit

than a problem. Higher percentage of tagging of active genes can be expected with

this genetic transformation method. Studies carried out in our group on gene

transfer from Agrobacterium and recovery of the transgene by plasmid rescue

show that T-DNA integration in the genome of the ectomycorrhizal model fungus

L. bicolor occurs mainly in genes and as single copy. These indicate that T-DNA

insertion by AMT would be very useful for high-throughput tagged mutagenesis in

ectomycorrhizal fungi (Kemppainen et al. 2008).

6.10 Targeted Gene Disruption by AMT

DNA integration into the genome via HR is highly rare in plants but more common

in fungi. Therefore, the integration of T-DNA harboring homology with the fungal

genome can also occur via HR. This has made possible the use of AMT not only for

random gene tagging but for targeted gene disruption. In gene targeting, a selection

marker cassette in the T-DNA is surrounded by DNA flanks homologous to the

target gene (or a zone around it). The successful integration of T-DNA via HR

results in interruption of the target gene by the selection cassette. This approach has

been used for gene inactivation already in several ascomycete species such as

S. cerevisiae, Monilinia fructicola, Verticillium dahliae, Aspergillus fumigatus,
A. awamori, Metarhizium anisopliae and Mycosphaerella graminicola (Zwiers and

de Waard 2001; van Attikum and Hooykaas 2003; Michielse et al. 2005a; Rauyaree

et al. 2005; Sugui et al. 2005; Lee and Bostock 2006; Staats et al. 2007). However,

the frequency of HR events is a fungal species specific character and it is also highly

dependent on the length of the homologous flanks used. While HR is the dominant

pathway in S. cerevisiae and just 100 bp homology flanks can be used for targeting

genes in this yeast, in filamentous fungi generally at least 1 kb flanks or even longer

homologous sequences are needed for gene disruption (Wilson et al. 2002;

Michielse et al. 2005b). Even in the presence of long homologous sequences HR

rates in filamentous fungi are variable and generally low. For example in wild-type

6 Agrobacterium tumefaciens-Mediated Transformation of Ectomycorrhizal Fungi 133



strains of Acremonium chrysogenum, Aspergillus nidulans, N. crassa, Sordaria
macrospora and M. grisea HR rates are as low as 0.1–7% (Chaveroche et al.

2000; Liu et al. 2001; Talbot and Foster 2001; Colot et al. 2006; P€oggeler and
K€uck 2006). AMT when compared to other traditional genetic transformation

methods has been shown to increase this generally low HR rate both in yeast and

filamentous fungi (Bundock et al. 1999; Michielse et al. 2005a, b). Also the degree

of dependency on the length of homologous sequence flanks is lower with AMT

(Michielse et al. 2005a, b). This increased HR rate is proposed to depend on the ssT-

DNA nature or the active host protein assisted localization into the nucleus. Even

though AMT has been shown to increase HR, the difficulties in gene inactivation of

filamentous fungi and in basidiomycete fungi in particular have led to the genera-

tion of mutant strains affected in their NHEJ-pathway. NHEJ is shown to depend on

the activity of Ku70-Ku80 heterodimer that binds to broken DNA ends. These Ku70

and Ku80 proteins were also identified in fungi (Hefferin and Tomkinson 2005).

Mutations in these genes result in inactivation of NHEJ and leaves HR as the

dominant pathway for DNA integration. HR efficiency of 70–100% has been

reported for ku70 or ku80 mutants of Aspergillus oryzae, A. fumigatus, A. nidulans,
N. crassa, S. macrospora, C. neoformans and M. grisea (Ninomiya et al. 2004; da

Silva Ferreira et al. 2006; Goins et al. 2006; Nayak et al. 2006; P€oggeler and K€uck
2006; Takahashi et al. 2006; Villalba et al. 2008).

6.11 Laccaria bicolor Represents a Special Challenge

for AMT as a Reverse Genetic Tool

The lack of an efficient transformation method for the genome-sequenced ECM

fungus L. bicolor (Martin et al. 2008) was a major obstacle in ECM research. Even

though this species was reported to be transformed via particle bombardment (Bills

et al. 1999) and its closely related species L. laccata via PEG mediated protoplast

transformation (Barret et al. 1990) both of these traditional genetic transformation

techniques are time consuming and complicated, show low transformation effi-

ciency and reproducibility, are of high costs and generally result in multiple

transgene copies in the recipient genome. AMT on the other hand overcomes

these limitations but not all fungal species are as susceptible to this method or do

not produce stable integrations for still unknown reasons. We developed an efficient

AMT system for L. bicolor (Kemppainen et al. 2005). However, Laccaria shows

some special features that may or will complicate the use of AMT or any other

genetic transformation method for reverse functional genetic studies in ECM.

Unlike filamentous ascomycetes the symbiotic phase of the fungus is the dikaryon

where two compatible nuclei coexist in each hyphal compartment. The life-cycle

and basidiospore production cannot be completed without ECM formation with the

plant host. Furthermore, fruiting body production is unpredictable and requires a

long time and therefore cannot be achieved under axenic conditions. The dikaryotic

nature of Laccaria generates a technical obstacle for the use of AMT as a random
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gene tagging tool for searching gene functions relevant in ECM. An interruption of

a gene copy in one of the nuclei may not be enough for altering gene expression and

thus produce functional phenotypes. Also a gene interruption may lead to increased

transcription from the intact allele in the untransformed nucleus. This compensation

may result in unaltered gene expression level in tagged dikaryons. Tagging of

Laccaria monokaryons could however be used for studying general fungal gene

function and especially for identifying genes involved in control of dikaryotization.

The same dilemma of the dikaryon also affects the use of AMT for targeted

inactivation of ECM-regulated genes. Targeted disruption of these genes should be

carried out independently in two compatible monokaryons which could form

functional double knock-out dikaryotic strains by further crossing. Homobasidio-

mycetes usually show extremely low HR rates. Working with two Laccaria mono-

karyotic strains for producing knock-out dikaryons can be predicted to be extremely
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Fig. 6.2 Schematic representation of Laccaria bicolor transformation mediated by Agrobacter-
ium tumefaciens. 35S-30: cauliflower mosaic virus 35S terminator. AS: acetosyringone. Cefotax-

ime: cephalosporin antibiotic which inhibits the final transpeptidation step of peptidoglycan

synthesis in bacterial cell walls. Used for killing Agrobacterium cells. Gene construct: different

gen constructs can be transferred via Agrobacterium and integrated in Laccaria genome (i.e.,

plasmid rescue T-DNAs, RNAi-triggers, heterologous genes of interest, reporters, etc.). hph: hph
gene of E. coli coding for an aminocyclitol phosphotransferase that confers resistance to hygro-

micin B (fungal selection marker) and structurally related antibiotics. LB T-DNA left border of

pCAMBIA1300. Pgpd glyceraldehide-3-phosphate dehydrogenase promoter of Agaricus bis-
porus. RB T-DNA right border of pCAMBIA1300. T4SS type IV secretion system. For details

on Agrobacterium-mediated transformation of Laccaria see Kemppainen et al. (2005, 2008)
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challenging and time consuming if not impossible. The use of the RNA-silencing

technology could however represent an alternative and more straightforward

approach for studying ECM-regulated Laccaria genes (Kemppainen et al. 2009;

Kemppainen and Pardo 2010; this book, Chap. 9). A diagram showing the use of

Agrobacterium for genetic transformation of Laccaria is presented in Fig. 6.2.

6.12 Conclusion

Despite the great ecological and economic importance of ECM the current compre-

hension of host-fungus recognition, establishment and functions of ECM is still

rather limited. During the last ten years the use of novel molecular methods such as

EST-libraries and cDNA micro– and macro arrays has dramatically increased the

knowledge on genetic regulation underlying the ECM interaction. More impor-

tantly, the decision of the Department of Energy Joint Genome Institute (JGI) to

sequence the genomes of micobionts of the first genome-sequenced tree, poplar,

took the mycorrhizal research towards the genomic era. As a result the full genomic

sequence of the basidiomycete ECM fungus Laccaria bicolor strain S238N-H82

was resolved in collaboration between JGI and the Laccaria Genome Consortium

which joined the efforts of several ECM research laboratories around the world.

The Laccaria genome sequence is currently been used for genome-wide expression

profiles at different stages of ECM development. This approach is generating an

immense amount of valuable data. However, the current ECM research faces a

serious technical obstacle. Further studies for resolving the biological relevance of

the identified symbiosis-regulated genes depend on the availability of reverse

genetic tools, among them an efficient genetic transformation technique. We

established a high throughput AMT based on hygromycin B resistance for Laccaria
dikaryotic and monokaryotic strains. This gene transfer from Agrobacterium and

recovery of the transgene by plasmid rescue showed that T-DNA integration in the

genome of L. bicolor occurs mainly in genes and as single copy. These indicate that

T-DNA insertion by AMT would be very useful for high throughput tagged

mutagenesis in ectomycorrhizal fungi. AMT has opened a new era for genetic

studies in mycorrhizal research and its use in combination with the RNA silencing

technology will certainly help in elucidating the function of symbiosis-regulated

genes in ECM development.
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Liu G, Casqueiro J, Bañuelos O, Cardoza RE, Gutiérrez S, Martı́n JF (2001) Targeted inactivation

of the mecB gene, encoding cystathione-gamma-lyase, shows that the reverse transsulfuration

pathway is required for high-level cephalosporin biosı́ntesis in Acremonium chysogenum C10

but not for methionine induction of the cephalosporin genes. J Bacteriol 183:1765–1772

Lorito M, Hayes CK, Di Pietro A, Harman GE (1993) Biolistic transformation of Trichoderma
harzianum and Gliocladium virens using plasmid and genomic DNA. Curr Genet 24:349–356

Marmeisse R, Gay G, Debaud JC, Casselton LA (1992) Genetic transformation of the symbiotic

fungus Hebeloma cylindrosporum. Curr Genet 22:41–45
Martin F, Aerts A, Ahren D, Brun A, Danchin EGJ, Duchaussoy F, et al (2008) The genome of

Laccaria bicolor provides insights into mycorrhizal symbiosis. Nature 452:88–92

McCullen CA, Binns AN (2006) Agrobacterium tumefaciens and plant cell interactions and

activities required for interkingdom macromolecular transfer. Annu Rev Cell Dev Biol

22:101–127

Meng Y, Patel G, Heist M, Betts MF, Tucker SL, Galadima N, Donofrio NM, Brown D, Mitchell

TK, Li L, Xu JR, Orbach M, Thon M, Dean RA, Farman ML (2007) A systematic analysis of

T-DNA insertion events in Magnaporthe oryzae. Fungal Genet Biol 44:1050–1064
Michielse CB, Ram AFJ, Hooykaas PJJ, van den Hondel CAMJJ (2004a) Agrobacterium-

mediated transformation of Aspergillus awamori in the absence of full length VirD2, VirC2

or VirE2 leads to insertion of aberrant T-DNA structures. J Bacteriol 186:2038–2045

Michielse CB, Ram AFJ, Hooykaas PJJ, van den Hondel CAMJJ (2004b) Role of bacterial

virulence proteins in Agrobacterium mediated transformation of Aspergillus awamori. Fungal
Genet Biol 45:571–578

6 Agrobacterium tumefaciens-Mediated Transformation of Ectomycorrhizal Fungi 139



Michielse CB, Hooykaas PJJ, van den Hondel CAMJJ, Ram AFJ (2005b) Agrobacterium-
mediated transformation as a tool for functional genomics in fungi. Curr Genet 48:1–17

Nayak T, Szewczyk E, Oakley CE, Osmani A, Ukil L, Murray SL, Hynes MJ, Osmani SA,

Oakley BR (2006) A versatile and efficient gene-targeting system for Aspergillus nidulans.
Genetics 172:1557–1566

Ninomiya Y, Suzuki K, Ishii C, Inoue H (2004) Highly efficient gene replacements in Neurospora
strains deficient for non-homologous end joining. Proc Natl Acad Sci USA 101:12248–12253

Pardo AG, Hanif M, Raudaskoski M, Gorfer M (2002) Genetic transformation of ectomycorrhizal

fungi mediated by Agrobacterium tumefaciens. Mycol Res 106:132–137

Pardo AG, Kemppainen M, Valdemoros D, Duplessis S, Martin F, Tagu D (2005) T-DNA transfer

from Agrobacterium tumefaciens to the ectomycorrhizal fungus Pisolithus microcarpus. Rev
Argent Microbiol 37:69–72

Park SM, Kim DK (2004) Transformation of a filamentous fungus Cryphonectria parasitica using
Agrobacterium tumefaciens. Biotechnol Bioprocess Eng 9:217–222

Piers KL, Heath JD, Liang X, Stephens KM, Nester EW (1996) Agrobacterium tumefaciens-
mediated transformation of yeast. Proc Natl Acad Sci USA 93:1613–1618

P€oggeler S, K€uck U (2006) Highly efficient generation of signal transduction knockout mutants

using a fungal strain deficient in the mammalian ku70 ortholog. Gene 378:1–10

Punt PJ, Oliver RP, Dingemanse MA, Pouwels PH, van den Hondel CA (1987) Transformation of

Aspergillus based on the hygromycin B resistance marker from Escherichia coli. Gene

56:117–124

Rauyaree P, Ospina-Giraldo MD, Kang S, Bhat RG, Subbarao KV, Grant SJ, Dobinson KF (2005)

Mutations in VMK1, a mitogen activated protein kinase gene, affect microsclerotia formation

and pathogenicity in Vericillium dahliae. Curr Genet 48:109–116
Ream W (2009) Agrobacterium tumefaciens and A. rhizogenes use different proteins to transport

bacterial DNA into the plant cell nucleus. Microb Biotechnol 2:416–427

Richey MG, Marek ET, Schardl CL, Smith DA (1989) Transformation of filamentous fungi with

plasmid DNA by electroporation. Phytopathology 79:844–847

Rodrı́guez-Tovar AV, Ruiz-Medrano R, Herrera-Martı́nez A, Barrera-Figueroa BE, Hidalgo-Lara

ME, Reyes-Márquez BE, Cabrera-Ponce JL, Valdés M, Xoconostle-Cázares B (2005) Stable
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Chapter 7

Biotechnological Processes Used in Controlled

Ectomycorrhizal Practices

Par Duponnois Robin, Bâ Amadou, Mousain Daniel, Galiana Antoine,

Baudoin Ezékiel, Dreyfus Bernard, and Prin Yves

7.1 Introduction

Excessive industrial exploitation, clearing for industrial purposes and collection of

firewood, has led to a dramatic deforestation during recent decades in Mediterra-

nean and tropical areas (Piéri 1991). One of the critical issues of deforestation is the

acceleration of soil degradation and desertification processes that involved a loss or

reduction of major physico-chemical and biological soil properties (Requena et al.

2001). This lack or scarcity of plant cover largely contributed to soil erosion

increase and consequently, to the decrease of soil fertility and soil microbial

activities (Garcia et al. 1997). Numerous studies have reported that in such condi-

tions, indigenous inoculum levels of mycorrhizal fungi were significantly reduced

(Duponnois et al. 2001; Azcon-Aguilar et al. 2003). The mycorrhizal symbiotic
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process mobilizes and transports nutrients to roots, improves soil aggregation in

eroded soils, and reduces water stress (Smith and Read 1997).

Mycorrhizal fungi are ubiquitous components of most ecosystems throughout

the world and are considered key ecological factors in governing the cycles of

major plant nutrients and in sustaining the vegetation cover (van der Hejden et al.

1998; Requena et al. 2001; Schreiner et al. 2003). Two major forms of mycorrhizas

are usually recognized: the arbuscular mycorrhizas (AM) and the ectomycorrhizas

(ECM). AM symbiosis is the most widespread mycorrhizal association type with

plants that have true roots, i.e., pteridophytes, gymnosperms, and angiosperms

(Read et al. 2000). These fungal symbionts affect about 80–90% land plants in

natural, agricultural, and forest ecosystems (Brundrett 2002). ECMs affect trees and

shrubs, gymnosperms (Pinaceae), and angiosperms and are usually the result of the

association of Homobasidiomycetes with about 20 families of mainly woody plants

(Smith and Read 1997). These woody species are associated with a larger

(compared to the AM symbiosis) diversity of fungi, comprising 4,000 to 6,000

species, mainly Basidiomycetes and Ascomycetes (Allen et al. 1995; Valentine

et al. 2004). The distribution of ectomycorrhizal fungi is not uniform in terms of

their presence, abundance, or community composition. This has important implica-

tion for reforestation in areas with no native ectomycorrhizal vegetation (Marx

1991) or where ectomycorrhizal fungi are absent resulting from natural (Terwilliger

and Pastor 1999) or anthropogenic disturbance (Jones et al. 2003).

The lack of mycorrhizal fungi on root systems is a leading cause of poor plant

establishment and growth in a variety of forest landscapes. Numerous studies have

shown that specific ectomycorrhizal fungi are able to improve the survival and early

growth of various tree species in the field (Castellano and Molina 1989; Kropp and

Langlois 1990; Marx et al. 1991; Castellano 1996; Roldan et al. 1996; Garbaye and

Churin 1997; Duponnois et al. 2005, 2007). Since mycorrhizal association is

estimated to occur in 95% of native undisturbed vegetation, whereas it occurs in

less than 1% of vegetation from disturbed sites, mycorrhizal symbiosis has to be

reestablished in order to benefit from the mycorrhizal effect on plant growth.

Hence, this topic can be achieved by inoculating seedlings before they are trans-

planted to disturbed sites. However, different fungal associations do not lead to the

same benefit to the host plant. A significant variability in response linked with the

nature of the fungal–plant association has been reported (Guehl et al. 1990; Bâ et al.

2002; Duponnois and Plenchette 2003). These variations generally result from

different factors such as the degree of host–fungus compatibility, mycorrhizal

dependency of the host, fungal effectiveness in relation to biotic and abiotic site

conditions, and the abundance and effectiveness of indigenous fungi (Garbaye

1988). In order to ensure the performance of afforestation, it is necessary that

nurseries produce tree seedlings associated with mycorrhizal fungi that are ecolo-

gically compatible with the tree species and the planting sites. According to these

conditions that have to be taken in account, different methods of controlled inocu-

lation have been identified to optimize the effect on plant growth.

The main objective of this chapter was to describe some methods required to

produce large quantities of efficient fungal inoculums and to present some tree
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growth data resulting from the use of controlled ectomycorrhization in nursery and

field conditions in tropical and Mediterranean areas.

7.2 Criteria to Adopt an Inoculum Formulation

The main criteria that must be taken into account can be summarized as follows:

– The positive impact of the selected ectomycorrhizal fungi on the growth and the

survival of tree species targeted for plantation.

– The viability of the fungal propagules which has to be maintained in storage to

ensure the fungal efficiency on plant growth after inoculation.

– Ectomycorrhizal fungal inoculums have to be cost-effective to produce.

7.3 Spore-Based Fungal Inoculum

Spores collected from fruiting bodies can serve as a natural source of inoculum.

This inoculation practice has been widely used in forest nurseries (Castellano

1994). However, this inoculation technique is more effective with fungal species

that produce abundant sporocarps with large spore numbers (i.e., Pisolithus and

Scleroderma).

7.3.1 Formulation of Spore Inoculums and Effect
on Plant Growth

There are numerous formulations of spore inoculums. In a first step, sporocarps are

collected, carefully identified, and kept in paper bags. Then, they are brushed free of

adhering soil. These kinds of inoculum are frequently based on dry spores obtained

by air-drying fruit bodies at temperatures below 35�C. Then dried sporocarps are

crushed in plastic bags and sieved through 200–500 mm sieve. Then dried spores

can be used in different formulations described as follows:

– Spore powder can be mixed with sterilized fine sand (1:100, w/w). Then

containers are inoculated by mixing the soil substrate with this fungal mixture

or by adding a small quantity of the fungal inoculum at the base of seedlings.

– Spore powder can be included into an inert carrier (i.e., clay) to form pellets

which are applied at the base of seedlings (de la Cruz et al. 1990). According to

Turjaman et al. (2005), in an experiment conducted to determine the effect of

ectomycorrhizal fungi on the growth of dipterocarp species in peat soils, the

sporocarps were crushed manually in plastic bags to ensure minimal loss of
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spores and cross-contamination between fungi (de la Cruz et al. 1990). Crushed

sporocarps and clay were mixed and formed into pellets with a ratio of 1:100 (w/

w). Inoculation was performed out 10 days after seed germination. One hole was

made in each pot, and a tablet (0.4 g) of fungal inoculum was applied to a potted

seedling 1 cm below the soil surface, at the proximity of the root.

– Another process of ectomycorrhizal spore inoculation is realized by coating seeds

with a mixture of spores and a binding agent such as clay (Marx et al. 1984).

The beneficial effects of ectomycorrhizal spore inoculation on the plant growth

in nursery conditions have been frequently reported (Table 7.1). Several disadvan-

tages have also been recorded with this type of fungal inoculum:

– Difficulties to collect large quantities of fruit bodies with some ectomycorrhizal

fungal species.

– Low efficiency of the fungal inoculum due to slow germination or low spore

viability ; this inoculation process is easy to apply and is an efficient method for

storage and transport of spores for some mycorrhizal fungi such as Pisolithus or
Scleroderma.

7.4 Mycelium-Based Fungal Inoculums

These inoculum forms require the isolation of fungal symbionts in axenic condi-

tions in order to obtain a purified living material of a single fungal strain. These

pure cultures are often obtained from fruit bodies of ectomycorrhizal fungi col-

lected in the field but they can also be performed by using mycorrhizal roots,

sclerotia, rhizomorphs, and spores (Molina and Palmer 1982). In this chapter, the

fungal isolation from fruiting bodies will be described.

7.4.1 Fungal Isolation from Fruit Bodies

This procedure is usually considered as the most successful method to obtain pure

fungal culture. Sporocarps are brushed free of adhering soil and fractured carefully

in a laminar flow hood. A small amount of tissue is then removed with a fine forceps

and placed on a nutrient medium agar. As growth requirements vary between

ectomycorrhizal fungi, different nutrient media can be used (Table 7.2). The fungal

cultures are incubated at 25�C in the dark and subcultured until all the contaminat-

ing microorganisms are eliminated. Fungal cultures are usually maintained in Petri

dishes over a required nutrient agar medium and at 20–25�C. Fresh subcultures are

made every 6–12 weeks depending on the fungal growth rates.

146 P. Duponnois Robin et al.



T
a
b
le

7
.1

E
ff
ec
t
o
f
ec
to
m
y
co
rr
h
iz
al

sp
o
re

in
o
cu
la
ti
o
n
o
n
p
la
n
t
g
ro
w
th

in
n
u
rs
er
y
co
n
d
it
io
n
s

R
ef
er
en
ce
s

F
u
n
g
al

st
ra
in

P
la
n
t
sp
ec
ie
s

In
o
cu
lu
m

fo
rm

u
la
ti
o
n

E
ff
ec
ts
o
n
p
la
n
t
g
ro
w
th

p
ar
am

et
er
s
(%

)
an
d

ec
to
m
y
co
rr
h
iz
al

co
lo
n
iz
at
io
n

H
ei
g
h
t
S
h
o
o
t

b
io
m
as
s

R
o
o
t

b
io
m
as
s

E
ct
o
.
co
lo
n
iz
at
io
n

(%
)

T
u
rj
am

an
et

al
.
(2
0
0
5
)

P
is
ol
it
h
us

ar
hi
zu
s

Sh
or
ea

pi
na

ng
a

E
ct
o
m
y
co
rr
h
iz
al

sp
o
re

p
el
le
ts

+
4
6
.1

a
+
6
6
.7

n
d
b

8
7

T
u
rj
am

an
et

al
.
(2
0
0
5
)

Sc
le
ro
d
er
m
a
sp
.

S
.
pi
na

ng
a

E
ct
o
m
y
co
rr
h
iz
al

sp
o
re

p
el
le
ts

+
4
1
.3

+
6
0
.5

n
d

8
6

A
g
g
an
g
an

et
al
.
(2
0
1
0
)

P
.
ti
nc
to
ri
us

A
ca
ci
a
m
an

gi
um

E
ct
o
m
y
co
rr
h
iz
al

sp
o
re

ta
b
le
ts

n
d

+
2
9
.1

+
4
0
.7

5
2

R
in
co
n
et

al
.
(2
0
0
7
)

R
hi
zo
po

go
n

ro
se
o
lu
s

P
in
us

ha
le
pe
ns
is

S
p
o
re

su
sp
en
si
o
n

�3
0
.1

n
d

n
d

4
8

R
in
co
n
et

al
.
(2
0
0
7
)

Su
il
lu
s
co
ll
in
it
us

P
in
us

ha
le
pe
ns
is

S
p
o
re

su
sp
en
si
o
n

+
2
7
.8

n
d

n
d

7
5

C
h
en

et
al
.
(2
0
0
6
)

Sc
le
ro
de
rm

a
al
b
id
um

E
uc
al
yp
tu
s

gl
ob

ul
us

S
p
o
re

su
sp
en
si
o
n

+
3
2
.1

+
1
9
.7

+
4
2
.5

n
d

C
h
en

et
al
.
(2
0
0
6
)

S
.
a
re
ol
at
u
m

E
.
gl
ob

ul
us

S
p
o
re

su
sp
en
si
o
n

+
1
7
.5

+
9
.1

+
3
3
.5

n
d

C
h
en

et
al
.
(2
0
0
6
)

S.
ce
pa

E
.
gl
ob

ul
us

S
p
o
re

su
sp
en
si
o
n

+
3
0
.8

+
8
.8

+
2
.0

n
d

C
h
en

et
al
.
(2
0
0
6
)

S
.
a
lb
id
u
m

E
.
ur
op

hy
ll
a

S
p
o
re

su
sp
en
si
o
n

�3
.6

+
3
.1

�0
.7

n
d

C
h
en

et
al
.
(2
0
0
6
)

S.
ar
eo
la
tu
m

E
.
ur
op

hy
ll
a

S
p
o
re

su
sp
en
si
o
n

+
7
.2

+
4
.9

+
4
.0

n
d

C
h
en

et
al
.
(2
0
0
6
)

S
.
ce
p
a

E
.
ur
op

hy
ll
a

S
p
o
re

su
sp
en
si
o
n

+
6
.3

+
1
3
.0

+
1
.4

n
d

T
o
rr
es

an
d
H
o
n
ru
b
ia
(1
9
9
4
)

P
.
ti
n
ct
or
iu
s

P
.
ha

le
pe
ns
is

S
p
o
re

su
sp
en
si
o
n

+
3
7
.1

+
4
4
.9

+
4
1
.7

5
5
.4

T
o
rr
es

an
d
H
o
n
ru
b
ia
(1
9
9
4
)

R
.
ro
se
ol
us

P
.
ha

le
pe
ns
is

S
p
o
re

su
sp
en
si
o
n

+
3
8
.3

+
4
4
.6

+
2
8
.6

3
9
.5

T
o
rr
es

an
d
H
o
n
ru
b
ia
(1
9
9
4
)

Su
il
lu
s
co
ll
in
it
us

P
.
ha

le
pe
ns
is

S
p
o
re

su
sp
en
si
o
n

+
3
5
.1

+
2
8
.2

+
3
0
.6

2
8
.9

a
(m

ea
n
v
al
u
e
o
f
ec
to
m
y
co
rr
h
iz
al

p
la
n
ts
–
m
ea
n
v
al
u
e
o
f
th
e
n
o
n
ec
to
m
y
co
rr
h
iz
al

p
la
n
ts
)
�

1
0
0
)/
(m

ea
n
v
al
u
e
o
f
th
e
ec
to
m
y
co
rr
h
iz
al

p
la
n
ts
)

b
n
d
:
n
o
t
d
et
er
m
in
ed

7 Biotechnological Processes Used in Controlled Ectomycorrhizal Practices 147



7.4.2 Formulation of Mycelium-Based Inoculums and Effect
on Plant Growth

These procedures are only suitable with some fungal species that are able to grow in

culture for the economical production of fungal inoculums. Two main supports are

usually used to produce fungal inoculums: the multiplication of the fungal strain on

a peat/vermiculite substrate and the production of an ectomycorrhizal inoculum

entrapped in a hydrogel (i.e., calcium alginate gel).

7.4.2.1 Vermiculite–Peat Inoculums (Marx and Bryan 1975)

Glass jars (1.6 l) containing 1.3 l expanded vermiculite–sphagnum peat mixture

(4:5–1:5, v:v, pH 5.5) are autoclaved (120�C, 20 min). Another ratio of vermiculite–

peat can be used (2:3–1:3) but the peat can release some substances which could be

Table 7.2 Composition of some nutrient media commonly used for the isolation and culture of

ectomycorrhizal fungi (from Brundrett et al. 1996)

Components Nutrient media

MMNa Pachlewskib FDAc

Mineral nutrients (mg l�1)

(NH4)2HPO4 250

NH4Cl 500

C4H12N2O6
d 500

KH2PO4 500 1000 500

MgSO4 � 7H2O 150 500 500

CaCl2 � 2H2O 50 50

NaCl 25

Fe EDTA 20 20

H3BO3 2.8

MnCl2 � 2H2O 3.0

ZnSO4 � 7H2O 2.3

CuCl2 � 2H2O 0.63

Na2Mo4 � 2H2O 0.27

Carbohydrate source (g l�1)

Maltose 5

Glucose 10 20 20

Malt extract 3

Vitamins (mg l�1)

Thiamine HCl 0.1 0.1

Agar (g l�1) 20 20 20

pH

Adjusted pH to 5.8 5.4 5.0
aMMN: Modified Menin Norkrans medium (Marx 1969)
bPachlewski medium (Pachlewski and Pachlewski 1974)
cFerry and Das (1968)
dAmmonium tartrate
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toxic for the fungal development. For this reason, the first ratio mixture is usually

used. Then the mixture is moistened to field capacity with 600 ml modified as a liquid

nutrient medium (see Table 7.2). The jars are blocked with lids with a 1-cm diameter

hole. This hole is fitted with a 4-cm long tube filled with cotton wool. The jars are then

autoclaved a second time (120�C for 20 min). After cooling, about eight mycelial

plugs are laid on top of the substrate. Mycelium grows down into the substrate, which

is completely colonized after 6–10 weeks at 25�C depending on the fungal growth

rate. For faster growth, jars can be filled with a smaller quantity of substrate and

shaken after mycelia have colonized a few centimeters: in this manner, mycelium is

evenly distributed throughout the substrate and incubation time is shortened. This

inoculum can be stored at 4�C for up to 6 months.

7.4.2.2 Encapsulation of Hyphal Fragments Within Beads of Alginate Gel

(Mauperin et al. 1987)

The process of including fungal mycelium in polymeric gels (especially calcium

alginate) has been previously described by Dommergues et al. (1979) and Le Tacon

et al. (1983, 1985). The inoculum prepared in this manner is more efficient than

the vermiculite–peat formulation (Mortier et al. 1988) because the mycelium is

protected in the gel from physical stresses (e.g., water stress) and from competitor

microorganisms. With this process, it is also possible to accurately determine the

weight of mycelium or the number of living propagules contained in the inoculum.

Different methods have been tested to measure the quantity of mycelium in the

vermiculite–peat inoculum:ergosterol assay (Martin et al. 1990); chitin assay

(Vignon et al. 1986), but none of them gave reliable results (Mortier et al. 1988)

because of the peat which interferes with colorimetric measurements. Using fungal

strains that are able to grow from fragmented hyphae, a mycelial suspension is

produced in Erlenmeyer flasks or in fermentor filled with the required liquid

nutrient medium. The mycelium is then washed in tap water in order to remove

residual nutrients, homogenized in a Waring blender for about 10 s, and resus-

pended in distilled water. This kind of fungal inoculum is quantified by measuring

the fungal dry weight per milliliter or by counting living propagules (determination

of colony-forming units by spreading 1 ml of suspension on a 6-cm Petri dish with

nutrient agar). Then the hyphal fragment suspension is mixed (1:1, v:v) with

distilled water containing 20 g l�1 sodium alginate and 50 g l�1 autoclaved dry

powdered sphagnum peat. The final solution is pumped throughout a pipe with

2-mm holes. The drops fall into a 100 g l�1 CaCl2 solution and form beads of

reticulated calcium alginate gel (Mauperin et al. 1987). The beads are kept in CaCl2
for 24 h at room temperature in order to ensure complete reticulation. Then they

are washed with tap water to eliminate NaCl and CaCl2 and stored in air-tight

containers at 4�C in order to prevent drying. This type of inoculum can be kept up

to 9 months in these conditions. The beads are prepared with 1–2 g mycelium

(dry weight) per liter of final solution (Mortier et al. 1988).
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7.4.2.3 Controlled Ectomycorrhization in Glasshouse, Nursery,

and Field Conditions

The aims of these procedures are to screen fungal isolates for their compatibility

with host plants and to determine plant growth promotion in order to select the best

fungus to be inoculated in nurseries. This topic will be mainly illustrated by some

data resulting from controlled ectomycorrhization trials with Australian Acacia
species and tropical fungal strains.

Screening for Efficient Fungal Isolates in Controlled Conditions

Seedlings can be planted in soil (disinfected or not after autoclaving) or nondisin-

fected vermiculite–peat mixture (1:1, v:v). Several kinds of containers can be used

for growing seedlings in the glasshouse depending on the aim of the experiment.

Then the ectomycorrhizal inoculation was performed by mixing the fungal inocu-

lum (10/1; v/v) with the soil. The treatment without fungus (control) received an

autoclaved mixture of vermiculite and peat moss moistened in nutrient medium at

the same rate. Then the pots were arranged in a randomized complete block design.

Numerous studies have reported the beneficial effects on the growth and nutrient

status of tree seedlings in controlled conditions with the ultimate goal of selecting

the most promising and potential mycorrhizal inoculants for large-scale inoculation

programs in degraded lands in the tropics and Mediterranean areas (Table 7.3).

Although several methods of inoculation can be used in practice, only some species

of the genera Laccaria, Hebeloma, Paxillus, Pisolithus, Scleroderma, Suillus, or
Rhizopogon have been routinely used (Castellano 1996).

Controlled Inoculation in Field Conditions

Numerous studies have shown that controlled mycorrhizal symbiosis can signifi-

cantly improve the growth of tree species in degraded soils. However, most of these

experiments have been performed in controlled glasshouse conditions, hence data

on the sustainability of the positive effect of mycorrhiza on plant growth in field

conditions are lacking, especially in Sahelian areas. Controlled ectomycorrhization

experiments have been recently set up in Senegal using an Australian Acacia
species, A. holosericea, and an ectomycorrhizal fungus, Pisolithus albus strain

IR100 (Duponnois et al. 2007). A positive effect of mycorrhizal inoculation on A.
holosericea development has been recorded in all of the experiments (Fig. 7.1).

These results suggest that without suitable symbionts, this species has poor ability

to scavenge for P under P-limiting conditions (Dommergues et al. 1999) and clearly

shows that the controlled mycorrhization of A. holosericea could be a beneficial

tool in improving the survival and productivity of Acacia species and consequently
for the reafforestaion of Sahelian regions. However, in order to evaluate the

possible economic advantage of ectomycorrhizal inoculation, it is essential

to carry out field experiments in a range of situations representative of major

plantations.
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Table 7.3 Growth of some Australian Acacia species inoculated with different ectomycorrhizal

fungal strains (peat–vermiculite formulation) after 4 months culturing in glasshouse conditions

Fungal species Acacia species Effects on plant growth parameters (%)

and ectomycorrhizal colonization

References

Shoot

biomass

Root

biomass

Ectomycorrhizal

colonization (%)

Pisolithus albus
IR100

A. auriculiformis +42.1a +38.6 45.2 Duponnois and

Plenchette

(2003)

P. albus IR100 A. mangium +35.9 +44.1 20.1 Duponnois and

Plenchette

(2003)

P. albus IR100 A. platycarpa +43.1 +9.8 31.6 Duponnois and

Plenchette

(2003)

Pisolithus sp.
SL2

A. holosericea +56.7 +10.6 48.3 Duponnois and

Plenchette

(2003)

P. albus COI007 A. holosericea +55.6 +25.3 43.8 Duponnois and

Plenchette

(2003)

P. albus COI024 A. holosericea +50.4 +17.1 10.8 Duponnois and

Plenchette

(2003)

Pisolithus sp.
COI032

A. holosericea +54.9 +12.6 15.0 Duponnois and

Plenchette

(2003)

P. albus IR100 A. holosericea +57.1 +48.9 25.2 Duponnois and

Plenchette

(2003)

P. tinctorius
GEMAS

A. holosericea +57.8 +14.1 43.1 Duponnois and

Plenchette

(2003)

Scleroderma
dictyosporum
IR109

A. holosericea +52.9 +21.0 53.4 Duponnois and

Plenchette

(2003)

S. verrucosum
IR500

A. holosericea +64.4 +14.1 13.8 Duponnois and

Plenchette

(2003)

P. tinctorius
GEMAS

A. crassicarpa +77.1 +52.3 49.4 Lesueur and

Duponnois

(2005)

P. albus COI024 A. mangium +54.5 +52.1 41.7 Duponnois et al.

(2002)

Scleroderma sp.

IR408

A. holosericea +82.1 +89.6 13.8 Duponnois et al.

(2006)

S. dictyosporum
IR412

A. holosericea +72.9 +82.6 12.5 Duponnois et al.

(2006)
a(mean value of ectomycorrhizal plants – mean value of the nonectomycorrhizal plants) � 100)/

(mean value of the ectomycorrhizal plants)
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7.5 Conclusion

Numerous studies have reported the benefits that result from the use of fungal

inoculants, which can improve the development of tree seedlings in glasshouse and

nursery conditions. In the same way, a lot of technical procedures have been

elaborated to produce cost-effective mycorrhizal inoculum. Unfortunately, mycor-

rhizal inoculation remains underexploited in nursery cultural practices although the

management of tree mycorrhizal status could have very important implications for

tropical reforestation programs in the developing countries. The results presented in

this chapter suggest that inoculation with ectomycorrhizal fungi can improve the

early growth of the main tree species in tropical and Mediterranean forests and that

this technique will accelerate the rehabilitation of degraded forests.
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Garbaye J, Churin JL (1997) Growth stimulation of young oak plantations inoculated with the

ectomycorrhizal fungus Paxillus involutus with special reference to summer drought. For Ecol

Manag 98:221–228

7 Biotechnological Processes Used in Controlled Ectomycorrhizal Practices 153



Garcia C, Roldan A, Hernandez T (1997) Changes in microbial activity after abandonment of

cultivation in a semi-arid Mediterranean environment. J Environ Qual 26:285–291

Guehl JM, Mousain D, Falconnet G, Gruez J (1990) Growth, carbon dioxide assimilation capacity

and water-use efficiency of Pinus pinea L. seedlings inoculated with different ectomycorrhizal

fungi. Ann Sci For 47:91–100

Jones MD, Durall DM, Cairney JWG (2003) Ectomycorrhizal fungal communities in young forest

stands regenerating after clearcut logging. New Phytol 157:399–422

Kropp BR, Langlois CG (1990) Ectomycorrhizae in reforestation. Can J For Res 20:438–451

Le Tacon F, Jung G, Michelot P, Mugnier J (1983) Efficacité en pépinière forestière d’un inoculum

de champignon ectomycorhizien produit en fermenteur et inclus dans une matrice de poly-

mères. Ann Sci For 40:165–176

Le Tacon F, Jung G, Mugnier J, Michelot P, Mauperin C (1985) Efficiency in a forest nursery of an

ectomycorhizal fungus inoculums produced in a fermentor and entrapped in polymeric gels.

Can J Bot 63:1664–1668

Lesueur D, Duponnois R (2005) Relations between rhizobial nodulation and root colonization of

Acacia crassicarpa provenances by an arbuscular mycorrhizal fungus, Glomus intraradices
Schenk and Smith or an ectomycorrhizal fungus, Pisolithus tinctorius Coker & Couch. Ann For

Sci 62:467–474

Martin F, Delaruelle C, Hilbert JL (1990) An improved ergosterol assay to estimate the fungal

biomass in ectomycorrhizas. Mycol Res 94:1069–1074

Marx DH (1969) The influence of ectotrophic mycorrhizal fungi on the resistance of pine roots to

pathogenic infections. I. Antagonism of mycorrhizal fungi to root pathogenic fungi and soil

bacteria. Phytopathology 59:153–163

Marx DH (1991) The practical significance of ectomycorrhizae in forest establishment. In:

Ecophysiology of ectomycorrhizae of forest trees, Marcus Wallenberg Foundation symposia

proceedings, vol 7, pp 54–90

Marx DH, Bryan WC (1975) Growth and ectomycorrhizal development of Loblolly pine seedlings

in fumigated soil infested with the fungal symbiont Pisolithus tinctorius. For Sci 21:242–254
Marx DH, Jarl K, Ruehle JL, Bell W (1984) Development of Pisolithus tinctorius ectomycorrhizae

on pine seedlings using basidio-encapsulated seed. For Sci 30:897–907

Marx DH, Ruehle JL, Cordell CE (1991) Methods for studying nursery and field response of trees

to specific ectomycorrhiza. In: Norris JR, Read DJ, Varma AK (eds) Methods in microbiology,

vol 23, Techniques for the study of mycorrhiza. Academic Press, London, pp 383–411

Mauperin C, Mortier F, Garbaye J, Le Tacon F, Carr G (1987) Viability of an ectomycorrhizal

inoculum produced in a liquid medium and entrapped in a calcium alginate gel. Can J Bot

65:2326–2329

Molina R, Palmer JG (1982) Isolation, maintenance and pure culture manipulation of ectomycor-

rhizal fungi. In: Schenck NC (ed) Methods and principles of mycorrhizal research. The

American Phytopathological Society, St Paul, pp 115–129

Mortier F, Le Tacon F, Garbaye J (1988) Effect of inoculum type and inoculation dose on

ectomycorrhizal development, root necrosis and growth of Douglas fir seedlings inoculated

with Laccaria laccata in a nursery. Ann Sci For 45:301–310

Pachlewski R, Pachlewski J (1974) Studies on symbiotic properties of mycorrhizal fungi of pine

(Pinus silvestris L.) with the aid of the method of mycorrhizal synthesis in pure culture on agar.

Forest Research Institute, Warsaw, p 228
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Chapter 8

Signaling in Ectomycorrhizal Symbiosis

Establishment

Paula Baptista, Rui Manuel Tavares, and Teresa Lino-Neto

8.1 Introduction

Amultiplicity of strategies has been developed by plants for their survival in a wide

range of biotic and abiotic stimuli. One successful approach is the development of

mutualistic associations, such as ectomycorrhizas (ECM) formed with soil-borne

fungi from Basidiomycota, Ascomycota, and Zygomycota. In forest ecosystems,

the ECM association is indeed the predominant form of mycorrhiza. The plant

species involved are diverse and belong mainly to Fagaceae, Betulaceae, Pinaceae,

and Dipterocarpaceae families (Smith and Read 2008). This symbiosis is charac-

terized by the presence of a fungal sheath around the fine root tips (the mantle) and

by the hyphae colonization of the intercellular space between root cells, the so-

called Hartig-net. From the mantle, hyphae spread over into the surrounding

substrate, increasing the root surface area. This represents an effective way to

enhance nutrient, carbon, and water exchanges between the fungus and the plant

roots. While the plant takes advantage from the improved nutrient uptake, the

fungus receives photosynthetic carbohydrates from plant (Smith and Read 2008).

Other advantages for the host plant include improved growth, enhanced water

acquisition and use, as well as enhanced soil stability (Smith and Read 2008;

Futai et al. 2008; Finlay 2008). In addition, plants displaying ECMs also exhibit

increased tolerance to pathogens (Marx 1972), heavy metals (Brunner and Frey

2000), or drought (Osonubi et al. 1991; Davies et al. 1996; Alvarez et al. 2009).

The ECM symbiosis results from the interaction between roots and fungi in

a time-regulated sequence of highly coordinated events. In this process, the
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mycobiont has the ability to recognize and escape the host defense surveillance,

being able to become associated with host roots and establish bidirectional nutrient

transfer. Exchange of signals between partners should occur not only to determine

their compatibility, but also to prepare them for further physiological and morpho-

logical changes for the formation of the symbiotic organ (Martin et al. 2001;

Voiblet et al. 2001; Podila 2002). Although representing an active research area,

little is known about the nature of the signaling molecules, and only few genes and

proteins associated to ectomycorrhizal symbiosis have been identified. The mecha-

nistic details of root–fungi perception and recognition are also basically unknown

or scarcely defined. Here, we review the recent results shedding light on the nature

of the molecular signals that determine ECM development.

8.2 Ectomycorrhiza Formation

The ECM development usually includes four stages: preinfection, initiation, differ-

entiation, and functioning (Table 8.1) (Martin and Tagu 1995; Le Quéré et al.

2005). In the preinfection stage, hyphae perceive the presence of host roots and the

potential partner recognition occurs. In the initiation stage, hyphae start to grow and

reach the root surface establishing physical contact. After attachment onto epider-

mal cells, hyphae proliferate in a series of layers that surround the roots and will

differentiate into the mantle. Their penetration between epidermal (angiosperms)

and also cortical (gymnosperms) root cells allows the differentiation of the Hartig-net.

Table 8.1 Time course developmental stages of ectomycorrhizal formation between Pinus
pinaster and Pisolithus tinctorius promoted under in vitro conditions

Preinfection Initiation Differentiation Functioning

0–12 h 12–24 h 2–5 days 5–15 days

20x

a

20x

b

20x

c

100x20x

d e

Recognition between

symbionts

Hyphae contact

with the root

Fungal attachment

to the root

epidermis

Hyphae growth around the

roots (mantle

formation)

Hyphae penetration and

growth between

epidermal and cortical

root cells (Hartig-net

formation)

Well-developed mantle

is tightly adherent to

epidermal cells

Bidirectional

translocation of

nutrients between

partners

The time required for attaining each stage and the principal events that occur are represented.

Figures a–d display the morphological aspects of root–fungus interaction and figure e depicts

a cross-section from a 15-day-old mycorrhiza. The arrow indicates an emerging lateral root from

P. pinaster
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Finally, in the functioning stage, the bidirectional transfer of nutrients occurs

between both symbionts.

The time required for each stage of ECM development is variable and dependent

on the genetic compatibility between plant and fungi, as well on abiotic factors

(Smith and Read 2008). In addition, the method used for ECM establishment

(axenic or nonaxenic culture) could influence this process. The development of a

functional ECM association under axenic conditions occurs within 2–3 weeks. For

example, the development of Paxillus involutus–Betula pendula (Le Quéré et al.

2005) and Pisolithus microcarpus–Eucalyptus globulus (Duplessis et al. 2005)
ECM associations occurs within 21 days. When ectomycorrhizal development

was established between Pisolithus tinctorius and Pinus pinaster under in vitro

conditions, a mature mycorrhiza was observed 15 days postcontact (Table 8.1).

In this case, the preinfection and hyphae adherence onto root surface occurred

within the first 24 h. After 2 days of contact, the mantle started to be formed at the

apical region of the main root axis. After 5–15 days of contact, newly emerging

lateral roots were produced and became completely enveloped by the fungal

mantle. At the same time the Hartig-net became evident.

In diverse ECM associations, differential gene expression studies revealed

changes in the transcript levels of genes from both the fungus and host plant during

the interaction, resulting in the identification of several symbiosis-related (SR)

genes (Voiblet et al. 2001; Johansson et al. 2004; Duplessis et al. 2005; Le Quéré

et al. 2005; Acioli-Santos et al. 2008; Sebastiana et al. 2009). The identified genes

are involved in many cellular functions like fungal cell division and proliferation,

differentiation and signaling, synthesis of plant cell wall and extracellular matrices,

plant defense or stress responses, and primary metabolism (e.g., glycolysis, amino

acid biosynthesis, and transporter activity) (Martin et al. 2007). These results

suggest that ECM formation is a highly dynamic process, in which plant and

fungi are always receiving and sending signals and both are exposed to high stress

conditions (Martin et al. 2001).

8.3 Rhizospheric Signals Emitted During the Preinfection

The exchange of signals between the symbiotic partners starts long before the

occurrence of any physical contact, suggesting the involvement of diffusible elici-

tors in the early stages of ECM establishment (Fig. 8.1). Accordingly, previous to

any physical contact with the symbiotic host Tilia Americana, 58 genes of the

ectomycorrhizal fungus Tuber borchii were found to be differentially expressed

(Menotta et al. 2004). It was also observed that fungal genes encoding putative

signaling pathway components, such as ras (Martin et al. 2001; Sundaram et al.

2001) or PF6.2 (Kim et al. 1999), were induced prior to fungal contact with host

roots.
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In the preinfection stage, hyphae sense the presence of a host root. Colonizer

hyphae may result from a germinated spore or from a mycelium already involved in

the development of other mycorrhizas (Tagu et al. 2002). When originating from

spore germination, the hyphae seem to sense the root system by the nutritional

composition changes that occur in the rhizosphere. The root nitrogen uptake and

secretion of sugars from the host plant turn the surroundings of the roots depleted of

nitrogen and enriched in carbon. These alterations could represent trophic signals

for fungus perception of the roots presence. However, as these trophic signals are

not specific, they could also be used by saprophytic or pathogenic fungi to recog-

nize the presence of roots (Tagu et al. 2002).

Root and fungal exudates seem to be the source of more specific signals for the

perception and recognition of a compatible association. The plant secretion of certain

signal molecules into the rhizosphere seems to promote spore germination and

hyphal growth (Barker et al. 1998; Barker and Tagu 2000). Root exudates and

extracts from Scotch pine (Pinus sylvestris) enhance spore germination of several

ectomycorrhiza-forming Suillus species (S. granulatus, S. grevillei, S. luteus and

S. variegatus) (Fries et al. 1987). The germination-induction compound was identi-

fied as abietic acid, which was described to confer selective advantage to Suillus spp.
against other fungal species present in the same rhizosphere. In root exudates of

Eucalyptus globulus ssp. bicostata the presence of flavonols, namely the rutin, was

also reported to promote the growth of several strains of Pisolithus tinctorius

Pre-infection Initiation

Differentiation and functioning

Abietic acid
Rutin
…

Spore germination
Fungal growth

Auxins
Hypaphorine

Rhizogenesis

IAA plant regulation

Zeatin
Root exudates

Branching

Binding

Radially elongated
epidermal cells 

Auxins

Reduction of meristem activity

Adhesins

SRAPs
Hydrophobins

Induction of lateral root formation

Rot cap

Adhesins
Lectins
Hydrophobins

Induction of plant
defence response 

Elicitors

Chitinases

Acropetal mycorrhizal
extension 

Inactivation of elicitors
(e.g. chitin)

Supression of plant defence response

Hartig netMantle

Fig. 8.1 Signals required for the ectomycorrhizal development. Root and fungal exudates are the

source of specific signals during the preinfection stage that lead to the perception and recognition

of compatible partners. The morphological changes that occur for forming the symbiotic structures

(in gray boxes) and the main signals that induce them are outlined. Signal molecules produced by

the plant are represented in dark gray bold and the developmental processes in which they are

involved are indicated by dashed gray arrows. Fungal signals are represented in light gray bold
and the processes controlled by them pointed out by dotted arrows
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(Lagrange et al. 2001). In addition, during the initial stages of Suillus tridentinus
colonization of in vitro Larix decidua roots, an increase in phenylpropanoids (mainly

flavonoids), benzoic, and cinnamic acids suggests their participation as signals in

ECM symbiosis (Weiss et al. 1997). However, even after the detection of their

effects, the chemical identification of inducing fungal growth molecules was not

always achieved. Although the diffusible molecules released by eucalyptus roots had

been described as chemoattractants towards Pisolithus tinctorius and Paxillus invo-
lutusmycelia, their chemical identification is still lacking (Horan and Chilvers 1990).

The ability of root extracts to regulate ectomycorrhizal fungal growth was also

confirmed during the early stages of Pisolithus tinctorius–Castanea sativa associa-

tion (Baptista et al. 2007). In this study, P. tinctorius growth was evaluated after

8 and 17 days of culture in the presence of crude extracts from P. tinctorius–elicited
C. sativa roots, prepared during the early stages of fungal contact (0–48 h)

(Fig. 8.2). In the first 8 days of culture, root-extracts inhibited P. tinctorius growth,
mainly after 3–9 h and 15 h of interaction (Fig. 8.2a). The enhanced fungal growth

in control (in the absence of root extracts) suggests that compounds from the

elicited plants could reduce the fungal growth. After 17 days of culture, the

inhibitory effect was not observed and an inducing effect became evident

(Fig. 8.2b). These results suggest that elicited plant could transiently restrain the

mycelium growth but the fungus is able to overcome the inhibitory effect. After

degradation/inactivation of the inhibitory compound(s), root extracts promote fun-

gal growth as previously described. Nevertheless, growth-stimulating activity

of root extracts was still reduced after 3, 9, and 15 h of root interaction with

P. tinctorius. As the H2O2 production was coincident with the inhibitory profile,

both phenomena may be related (Baptista et al. 2007).

The ectomycorrhizal fungi also produce signaling molecules that play a key role

in the early stages of ECM development (Barker and Tagu 2000; Martin et al.

2001). Several authors have attributed to the fungal auxin an important role as a

signaling molecule operating in the initial stages of the mycorrhiza formation (Gay

et al. 1994; Nehls et al. 1998, Martin et al. 1999; Rincón et al. 2001). Pine roots

inoculated with mutant strains of Hebeloma cylindrosporum overproducing indole-

3-acetic acid (IAA) develop more ectomycorrhizal roots than when inoculated with

wild-type mycelium (Gay et al. 1994). The stimulation of lateral roots by IAA was

suggested to create new targets for further fungal colonization, supporting the idea

that fungal IAA controls major anatomical features of pine ECM. The effect of

auxins on rhizogenesis can then be interpreted as a preparation of the root system

for a more efficient colonization by the mycelium (Barker et al. 1998). Accordingly,

the addition of an inhibitor of auxin transport (2,3,5-triiodobenzoic acid, TIBA)

blocked the colonization of the Norway spruce root by Laccaria bicolor, restricting
the hyphal growth between cortical cells and limiting the Hartig-net formation

(Karabaghli-Degron et al. 1998). The levels of IAA produced by the fungus also

seem to control the production of elicitors/signal molecules by the host plant

(Mensen et al. 1998; Rincón et al. 2001).

The fungal production of hypaphorine, another indolic compound, also appears

to influence the ECM establishment (Béguiristain et al. 1995; Béguiristain and
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Lapeyrie 1997; Ditengou et al. 2000). This fungal alkaloid, present in P. tinctorius
mycelium axenically grown (Béguiristain et al. 1995), is highly produced during

ECM formation (Béguiristain and Lapeyrie 1997). In Eucalyptus globulus roots

inoculated with P. tinctorius, the fungal hypaphorine levels increased three- to five-
fold when compared to the pure mycelium culture (Béguiristain and Lapeyrie

1997). The host plant appears to stimulate the production of hypaphorine in the

fungus, which in turn seems to regulate the activity and levels of plant auxins (Nehls

et al. 1998; Jambois et al. 2005). The regulation of auxin levels is further supported

by the identification of several ECM-regulated genes in host tissues involved in

auxin metabolism (Voiblet et al. 2001; Johansson et al. 2004; Duplessis et al. 2005;

Le Quéré et al. 2005). According to Ditengou and Lapeyrie (2000), the hypapho-

rine could participate in plant IAA regulation by (1) regulating IAA transport;
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Fig. 8.2 Radial growth of Pisolithus tinctorius after 8 days (a) and 17 days (b) of culture on agar

MMN media, in the presence of crude extracts obtained from elicited Castanea sativa roots with

P. tinctorius (from 0 to 48 h). Protein extraction buffer was used as control. Results are presented

as means � SE (n ¼ 5). The letters above the columns indicate significant difference at p < 0.001
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(2) inducing a cellular IAA-specific detoxification mechanism; (3) competing with

IAA for some receptor; or (4) interfering with IAA signal transduction. Fungal

hypaphorine seems also to display a morphogenetic effect on Eucalyptus globulus
roots by reducing root hair elongation (Béguiristain and Lapeyrie 1997; Ditengou

et al. 2000; Ditengou and Lapeyrie 2000; Ditengou et al. 2003). The reduction in the

root hair growth is indeed a marker feature of ectomycorrhizal roots.

8.4 Proteins Involved in Fungal Attachment to the Root Host

Surface and Formation of Symbiotic Interface

The ectomycorrhizas are structurally distinguished by the presence of the mantle

and the Hartig-net, both involving the occurrence of physical contact between the

fungus and root surface (cell-to-cell contact). Soon after the initial contact, fungal

cells swell and adhere firmly to the root surface, which in turn induces rapid

modifications on fungal cell morphology. The fungal cells become enlarged and

intensively branched. These alterations are accompanied by the increase in nuclear

division (Martin and Tagu 1995). The signal or mechanism responsible for trigger-

ing such alterations is still not full elucidated. Nutrient limitation in the vicinity of

root system, root exudates, and the topographic sensing of root surface by fungus

could contribute to these morphologic alterations (Barker et al. 1998; Tagu et al.

2002). The fungal growth pattern as well as the hyphal branching seems also to be

controlled by the host roots through the production of cytokinins, namely zeatin

(Martin et al. 2001; Tagu et al. 2002). These early morphologic modifications seem

to constitute a reliable indicator of a compatible interaction between symbionts

(Peterson and Bonfante 1994).

During the process of ectomycorrhizal fungi adhesion to host roots, distinct

protein classes displaying cell adhesion properties are secreted by the fungi

(Fig. 8.1). Ultrastructural observations of fungus–root interface in the early stages

of colonization revealed the presence of fibrillar material rich in glycoproteins (Lei

et al. 1990a, b; Martin et al. 1999; Rincón et al. 2001). These proteins (adhesins) are

described as protein complexes able to recognize and bind to receptors located in

plant root cell surface (Martin et al. 1999; Gross et al. 2004). Adhesins are derived

from fungi cell wall and expand towards the root surface. Besides playing a role in

the adhesion of hyphae to root surface, these proteins are also important in myce-

lium aggregation during the mantle formation at the final stages of mycorrhization

(Martin and Tagu 1995).

The lectins seem also to be important in the fungi–root adhesion, not only in the

early stages by playing a similar role to adhesins, but also at the final stages of ECM

establishment. Receptor sites for the lectin produced by the specific symbiont of

spruce, Lactarius deterrimus, were found in the roots of Picea abies (Giollant et al.
1993). In this study, the lectin was mainly bounded to young tissues, such as root

hairs and tips of lateral roots. By contrast, no binding to the spruce root was
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observed for the lectin isolated from Lactarius deliciosus, a symbiont of the pine.

This result suggests a role of the fungal lectin in the recognition and partner

specificity during the early stages of ECM development (Giollant et al. 1993).

However, the differential gene expression analysis performed during Betula pendula
and Paxillus involutus ECM development revealed a repression of fungal lectin-

encoding genes during the early stages of interaction and their induction 14 days

after inoculation (Le Quéré et al. 2005).

Search for differentially expressed genes during ECM interactions has contrib-

uted for the identification of additional gene products that could play a role in

fungi–host root adhesion. In Pisolithus–Eucalyptus ectomycorrhizal symbiosis,

genes encoding hydrophobins are up-regulated, suggesting the implication of the

gene products in fungi–cell adhesion (Tagu et al. 1996; Duplessis et al. 2001;

Voiblet et al. 2001; Peter et al. 2003; Duplessis et al. 2005). Hydrophobins exhibit

a conserved spacing of eight cystein residues which can form disulfide bonds

between themselves (Linder et al. 2005). These hydrophobic proteins are secreted

by the fungus into the medium but can also be found at the fungi cell wall. In this

case, they exhibit a hydrophilic domain through which they are linked to the

hydrophilic cell wall and a hydrophobic domain that could be exposed to a

hydrophobic external medium. Thus, these proteins have the ability to self-assemble

into an amphipathic membrane at a hydrophilic/hydrophobic interface. The hydro-

philic side of the amphipathic membrane orients and attaches to the fungal cell wall,

while the hydrophobic side becomes exposed to the hydrophobic environment, such

as the air or the hydrophobic surface of a host. In this way, the aerial hyphae and

spores become hydrophobic, whereas hyphae grown over a hydrophobic substrate

become attached to themselves (W€osten 2001). As a result, hydrophobins seem to

play a dual role in ECM, not only in promoting the hyphae adhesion to the host

surface but also contributing to hyphae aggregation (Kershaw and Talbot 1998;

W€osten 2001).

Hydrophobins are encoded by multigene families (Linder et al. 2005). For

example, in Pisolithus tinctorius seven different genes have already been identified
(hydPt-1 to hydPt-6 and hydPt-8), although the corresponding gene products

display minor structural differences (Tagu et al. 1996; Duplessis et al. 2001,

2005; Voiblet et al. 2001). As suggested by Linder et al. (2005), the presence of

multiple hydrophobin genes in an organism may be significant in two different

ways. They could complement each other by having differential expression in

distinct developmental stages or as a response to environmental conditions. Alter-

natively, they could fulfill different functional roles as a result of the minor

structural differences they exhibit.

Hydrophobin-like proteins have already been reported at least in 20 fungal

species belonging to ascomycetes, basidiomycetes, and zygomycetes (Wessels

1996). According to their structure, these proteins are described as being involved

in several fungal developmental processes, such as emergence of aerial hyphae,

hyphae aggregation during fruiting bodies (carpophores) development, sporulation

and spore dissemination, as well as during plant or insect infections caused by

pathogenic fungi (Wessels 1996; Kershaw and Talbot 1998; W€osten 2001; Linder
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et al. 2005). In this case, hydrophobins role seems to be essential since the pathogen

must attach to the hydrophobic surface of the host before penetration and infection

can occur (Wessels 1996; W€osten 2001). Besides their role in the adhesion of fungi
to the host root during ectomycorrhizal formation, hydrophobins have also been

described as being involved in the fungal recognition of the host plant, as well as in

the fungal specificity displayed by the host plant (Mankel et al. 2002).

During Pisolithus tinctorius ECM development, the expression analysis of

hydrophobin genes suggests the involvement of these proteins in the morphogenetic

events related to the fungus attachment to root surfaces, but not in the late stages of

fungal mantle or Hartig-net formation (Martin et al. 1999). In Pisolithus–Eucalyptus
association, hydrophobin gene expression was induced during the early steps of

root colonization, being repressed after 4 days of contact (Tagu et al. 1996; Martin

et al. 1999). During the first 12 h of Castanea sativa root–P. tinctorius contact, a
strong downregulation of two hydrophobin genes (HydPt-2 and HydPt-3) was

detected (Acioli-Santos et al. 2008). Other differential gene expression studies

performed in distinct ECM interactions describe different results concerning the

expression of hydrophobin genes (Mankel et al. 2002; Johansson et al. 2004; Le

Quéré et al. 2005). However, even when the hydrophobin gene expression is

transient, the gene product could be detected in late developmental stages. For

example, in the previously referred Pisolithus–Eucalyptus association, the hydro-

phobins were immunologically detected in hyphae forming the mantle and Hartig-

net (Tagu et al. 2001). The expression levels of hydrophobin genes could differ

depending on fungal species or host plants, or even be influenced by the presence of

certain nutrients in the substrate, suggesting a complex regulation of hydrophobin

gene expression during ECM development (Martin et al. 1999).

Another family of cell adhesion proteins was identified in P. tinctorius after

detection of gene overexpression in the early stages of the Eucalyptus globulus–
P. tinctorius interaction (Laurent et al. 1999). The identified protein family –

symbiosis-regulated acidic polypeptides (SRAP) – comprises at least six different

isoforms of 31–32 kDa and is characterized by the presence of Arg-Gly-Asp

tripeptide (RGD) motif (Martin et al. 1999). This motif is commonly associated to

cell adhesion in animals (Critchley et al. 1999) and plants (Mellersh and Heath 2001;

Meinhardt et al. 2002). Cellular localization of a 32-kDa SRAP (SRAP32) during

ECM development showed a preferential accumulation of this protein in fungal cell

walls, fungus–root interfaces, and in penetrating hyphae forming the Hartig-net

(Laurent et al. 1999). The suggestion that SRAP family could be involved in the

hyphae aggregation for the fungal mantle formation and for the Hartig-net develop-

ment is corroborated by differential expression studies during ECM development.

After 4 days of E. globulus–P. tinctorius interaction, an increase of SRAP32 tran-

script levels (4.1-fold) was detected, as well as the expression levels (4.7-fold) of

a new family member of low molecular weight (SRAP17) (Voiblet et al. 2001).

The participation of SRAP family members in the ectomycorrhizal development

seems to decrease during the final stages of the interaction. Genes encoding SRAP32
and SRAP17 are repressed after 7–12 days of E. globulus–Pisolithus microcarpus
interaction (Duplessis et al. 2005).
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8.5 Ectomycorrhizal Morphogenesis

The development of a functional ECM involves large morphological alterations in

both partners. The major morphogenetic adaptations that occur in the symbiotic

fungus includes: the hyphae aggregation for the formation of the mantle envelop-

ing the root surface, and the hyphae penetration and growth between epidermal and

cortical root cells forming the Hartig-net (Smith and Read 2008). Development of

a mature mantle proceeds through a programmed and highly coordinated series of

events. After attachment onto root epidermal cells, hyphae multiply to form a

series of layers that will differentiate into the mature mantle (Martin et al. 2001).

The mantle morphology is dependent on both the plant and fungus genomes.

Indeed, the identification of mycobiont species of field-collected ectomycorrhizas

is often performed by observation of mantle morphology (Peterson and Bonfante

1994). The host plant seems to control the mantle formation by stimulating hyphal

growth and exerting a morphogenetic effect leading to compact hyphal mantle

development (Martin et al. 2001). In addition, several abiotic factors, such as

nutrients and oxygen availability, as well as the presence of a physical support,

are described to play a role in mantle formation (Peterson and Bonfante 1994;

Martin et al. 1999).

The hyphae that enter the intercellular spaces of the root will develop the Hartig-net.

The fungus penetration and growth within the apoplastic space is mainly accom-

plished by a mechanic process, but the production of lytic enzymes could also be

involved in the digestion of host cell walls (Cairney and Burke 1994). Once inside

the root, hyphae could only grow between epidermal cells (in the majority of

angiosperms) or could also penetrate between cortical cells up to the endodermis

(typical in gymnosperms) (Smith and Read 2008). The restriction of fungal ingress

into the cortical tissues seems to be due to the fungus inability to degrade the

suberin and lignin that are present in the endodermal cell walls (Barker et al. 1998).

As the same fungal species could only colonize the epidermal layer or also the

cortical layer, depending on the host plant, the hyphal growth was suggested to be

under the host plant control (Barker et al. 1998).

The progression of ectomycorrhizal fungus within intercellular spaces of root

epidermal cells promotes morphologic alterations in the majority of angiosperm

roots (Fig. 8.1). The physical contact with the fungus promotes a radial elongation

of the cell roots, thus changing their orientation of growth and shape (Peterson and

Bonfante 1994). Several studies have showed that these modifications are related to

cytoskeleton rearrangements (Timonen et al. 1993). Changes in the amount of actin

and tubulin proteins in root and/or fungal cells were observed during ECM forma-

tion, suggesting its involvement in the ECM morphogenesis (Timonen et al. 1993;

Carnero Diaz et al. 1996; Timonen et al. 1996; Johansson et al. 2004). In agreement,

fungal genes encoding proteins associated with actin and microtubules were found

to be differentially regulated in distinct ECM associations (Voiblet et al. 2001;
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Timonen and Peterson 2002; Menotta et al. 2004; Le Quéré et al. 2005). However, it

still remains to be clarified if changes in cytoskeletal gene expression are the cause

or the consequence of mycorrhizal root morphogenesis (Barker et al. 1998).

In contrast to what is observed in the initial mycorrhization stages, after fungal

root colonization there is a reduction of plant meristem activity, as well as early

formation of lateral roots. In the case of Pinaceae ectomycorrhiza, dichotomous

branching of short roots occurs, resulting occasionally in the formation of coralloid

structures (Peterson and Bonfante 1994). These morphological modifications were

suggested to be caused in part by fungal auxins, which have been also related to the

Hartig-net formation. Several studies have demonstrated that fungal auxins are

morphogen factors in ECM development, playing a key role in inducing the fungal

proliferation alterations (Gay et al. 1994; Martin and Tagu 1995; Karabaghli-

Degron et al. 1998; Mensen et al. 1998; Rincón et al. 2001). The fungal production

of auxins in roots completely surrounded by ectomycorrhizal hyphae could alter the

internal plant auxin balance, and consequently promote typical ectomycorrhizal

root morphogenesis (Barker and Tagu 2000). Inhibition of auxin transporters has

shown that these morphogenetic effects, like the lateral root dichotomy, are depen-

dent on auxin concentration and distribution in the root meristem (Karabaghli-

Degron et al. 1998; Kaska et al. 1999). However, to our knowledge, the clear effect

of ectomycorrhizal fungi on concentration and/or distribution of auxin in the roots

still remains to be elucidated.

Differential gene expression studies have shown that the morphological and

physiological changes observed throughout ECM development are accompanied by

changes in gene expression in both partners (Heller et al. 2008). The number of

genes and the amplitude of their expression vary in time but seem to be more

significant at the early stages of development, soon after plant–fungus contact.

Accordingly, gene expression studies revealed that the gene overexpression levels

were more evident during the first 8 days of interaction being repressed in advanced

stages of mycorrhization (Duplessis et al. 2005; Le Quéré et al. 2005). In addition, it

was shown that the number of fungal differentially expressed genes is much higher

than the number of plant host genes.

In all the ECM associations studied up to now, ECM-specific genes were not yet

identified. Therefore, the ontogenic and metabolic programs that lead to the devel-

opment of symbiosis seem to be driven by the differential expression of preexisting

transcription factors and/or transduction pathways, rather than by the expression of

symbiosis-specific gene arrays (Martin et al. 2007). However, a more detailed study

encompassing all differentially expressed genes is needed in order to clarify this

question. Many up- or downregulated genes during ECM development have not

shown similarity to known sequences (Voiblet et al. 2001; Podila et al. 2002; Kr€uger
et al. 2004). Some of these genes may represent unidentified fungal mycorrhiza-

specific genes (Heller et al. 2008), or be unique to a particular ectomycorrhizal

fungus, or even represent very rare transcripts that have not been previously

identified and/or characterized (Podila et al. 2002).
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8.6 Induction of Plant Defense Responses by Ectomycorrhizal

Fungi

When infected by pathogens, plants can activate a multitude of defense mechan-

isms (Dixon and Lamb 1990; Baker and Orlandi 1995; Doke et al. 1996; Mehdy

et al. 1996; Lamb and Dixon 1997). The recognition of pathogen molecules

(elicitors) by specific plant cell receptors could lead to the activation of kinases

and phosphorylation cascades, involving phosphatases, G proteins, and ionic fluxes.

These events induce a typical pattern of plant defense responses that includes (1)

the production of reactive oxygen species (ROS) in the so-called oxidative burst;

(2) the hypersensitive response; (3) the induction of defense response genes or

pathogen-related genes (PR genes); (4) the reinforcement of cell wall, including the

deposition of callose, lignin, or hydroxiproline-rich glycoproteins; (5) synthesis of

jasmonate, ethylene, and/or salicylic acid; (6) production of antimicrobial second-

ary metabolites, such as phytoalexins; and (7) production of hydrolytic enzymes,

such as chitinases and glucanases. Plants could also induce systemic-acquired

resistance and produce signals to other plants.

As observed for plant–pathogen interactions, the plant inoculation with ectomy-

corrhizal fungi comprises the induction/suppression of mechanisms associated to

plant defense responses (Fig. 8.1). These mechanisms seem to play a key role in

determining the symbiotic compatibility, as well as in ectomycorrhizal develop-

ment and functioning (Martin et al. 2001). Suspension-cultured cells of Picea abies
subjected to cell wall elicitors from the ectomycorrhizal fungi Amanita muscaria
(Schwacke and Hager 1992) and Hebeloma crustuliniforme (Schwacke and Hager

1992; Salzer et al. 1996) exhibit biochemical resistance responses similar to those

described for incompatible pathogen attack. Soon after elicitation, an efflux of Cl�

and Kþ takes place, followed by an influx of Ca2þ into plant cells (Schwacke and

Hager 1992; Salzer et al. 1996). Four minutes after elicitation, protein phosphory-

lation and dephosphorylation (Salzer et al. 1996), alkalinization of the medium, and

transient accumulation of ROS, such as hydrogen peroxide (H2O2) (Schwacke and

Hager 1992; Salzer et al. 1996), can be detected. The activity of antioxidative

enzymes, such as superoxide dismutase (SOD) and catalase (CAT), seems to play a

role in regulating ROS levels in ECM interactions (Schwacke and Hager 1992).

During the first 48 h of contact between ectomycorrhizal fungus Pisolithus tinctorius
and Castanea sativa roots, three peaks of H2O2 production were observed, the first

two synchronized with O2
�� bursts (Baptista et al. 2007). The accumulation of

H2O2 was presumed to be the result of a regulated time-dependent stimulation of

ROS-generating systems and decrease of ROS-scavenging enzyme activities.

Accordingly, the first H2O2 production peak coincided with an increase in SOD

activity, while CAT activity seemed to be implicated in subsequent H2O2 scaveng-

ing (Baptista et al. 2007).

The similarity of signal transduction pathways in incompatible plant–pathogen

interactions and ECM symbiosis suggests that the fungus produces elicitors, at the
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early stages of the symbiotic association that will induce typical plant defense

responses (Hebe et al. 1999). Ultrastructural observations revealed that, when

Pinus nigra was inoculated with Suillus collinitus, a defense reaction was activated
in the host plant with the formation of wall thickenings containing b-1,3-glucans, a
callose constituent (Bonfante et al. 1998). In addition, Norway spruce seedlings

inoculated with the ectomycorrhizal fungus Pisolithus tinctorius displayed

increased guaiacol peroxidase activity in the roots, which is involved in cell-wall

strengthening (Matevž and Regvar 2008). The accumulation of phenolics in plant

cell wall observed in distinct ECM associations was also suggested to restrain

fungal progression during the formation of ECM structures, thus limiting the

Hartig-net formation (Weiss et al. 1997, 1999; Feugey et al. 1999). During the

initial fungal progression into apoplastic root regions to form the Hartig-net, a

transient increase in the activity of the phenylpropanoid pathway enzyme phenyl-

alanine ammonia lyase was observed, together with the increase in transcripts of

PR-encoding genes (Feugey et al. 1999). Differential gene expression studies

during ectomycorrhiza formation have also confirmed the transient increase in

plant defense/stress responses which has been interpreted as an initial reaction of

plant to restrict fungal growth (Voiblet et al. 2001; Johansson et al. 2004; Morel

et al. 2005; Le Quéré et al. 2005; Duplessis et al. 2005, Sebastiana et al. 2009).

In contrast to what has been reported for incompatible plant–pathogen interac-

tions, in ectomycorrhizal symbiosis a rapid decline in plant defense responses

seems to occur (Salzer et al. 1996). In P. abies this response suppression seems to

be related to the production of chitinases by the plant that inactivates elicitors, like

chitin fragments produced by the ectomycorrhizal fungus (Salzer et al. 1997a, b).

These results suggest that elicitor inactivation could be a prerequisite for a compat-

ible interaction between plant and ectomycorrhizal fungus. Furthermore, the stim-

ulation of chitinase production in host plant could contribute to hyphae growth

within root intercellular spaces, promoting the formation of the ECM structures

(Sauter and Hager 1989). This hypothesis is supported by the increase in ECM root

number in the presence of high chitinase amounts (Albrecht et al. 1994). The auxins

produced by the ectomycorrhizal fungus during the colonization process also seem

to play a role in declining the defense capacity of plant cells (Mensen et al. 1998).

The induction of plant defense responses during the early stages of mycorrhiza-

tion is not always followed by its suppression at later stages. In the co-cultures of

P. abies callus and Lactarius deterrimus or Suillus variegatus the development of

typical hypersensitive response reactions was observed. Initially the spruce cells

become brownish and finally the whole callus became necrotic (Sirrenberg et al.

1995). Therefore, plant defense responses induced by ectomycorrhizal fungi seem

to be diverse and often contradictory in what concerns their attenuation during the

later stages of the symbiosis. According to Martin et al. (1999), depending on the

host and ectomycorrhizal fungus, different biochemical and molecular mechanisms

could exist, thus explaining the differences in the reported results. The environ-

mental factors occurring during plant–fungus interaction could also be decisive for

the defense response displayed by host plant.
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8.7 Conclusions

The establishment of an ectomycorrhizal symbiosis is a complex process triggered

by signals produced by both partners (Fig. 8.1). The ECM development involves

five main events: hyphae survival in the rhizosphere; hyphae attachment to the host

roots; invasion of root tissues by fungi; plant–fungus coordinated formation of

symbiotic structures; and bilateral transfer of assimilates. During the preinfection,

diffusible signal molecules are exchanged between the host plant and the fungus.

The recognition of these signals by both partners determines the compatibility of

symbiosis. Although the nature of these signaling molecules is scarcely known,

diffusible molecules (such as abietic acid or rutin) are released by host plant and

would chemoattract, promote spore germination, or regulate ectomycorrhizal fun-

gal growth. The fungus also takes part in this signaling process through the

secretion of auxins and hypaphorin. Besides their signaling role, these compounds

have also a direct effect on rhizogenesis and ECM structure formation.

Once mutually recognized, root and fungus establish physical contact. During

the initiation, fungal proteins (such as adhesins, lectins, or hydrophobins) promote

fungus adhesion to host roots. The initial contact induces a defense response in host

plant that seems to restrain the fungal progression into the plant tissues. After the

attenuation/suppression of host surveillance mechanisms, drastic morphological

and physiological modifications occur in both fungal and root cells for forming

the symbiotic structures. Fungal tissues differentiate into the mantle and the Hartig-

net, whereas root cells change their shape and orientation, and root tips proliferate

and develop lateral roots. These auxin-regulated plant developmental processes are

induced by the mycobiont through the action of secreted auxins.

The ontogenesis of a functional ECM symbiosis requires a finely regulated

crosstalk between plant and fungi. Despite the contribution given by gene expres-

sion studies, the molecular information on ECM establishment is still scarce. A few

genes and proteins associated to ECM symbiosis have been recognized and a small

number of signaling molecules chemically identified. Further studies are needed to

understand the formation and functioning of ECM symbiosis.
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Chapter 9

RNA Silencing in Ectomycorrhizal Fungi

Minna J. Kemppainen and Alejandro G. Pardo

9.1 Introduction

RNA was for a long time believed to be a rather passive molecule. The only

function was to transfer coding information from genomic DNA to the protein

translation machinery. However, during the last 10 years this role of RNA has gone

through a radical transformation which has in turn revolutionized the way the

eukaryotic cells are understood to function today. Several types of small nonprotein

encoding RNAs are shown to be highly important as controllers of gene expression

and genome stability in plants, animals and fungi. These RNA molecules originate

predominantly from double-stranded RNA precursors (dsRNA) and they can affect

the gene transcript level both transcriptionally and post-transcriptionally. They also

modify and control the epigenetic state of nuclear DNA by participating in the

formation and maintenance of heterochromatin. These RNA-dependent eukaryotic

regulatory networks are now referred to as RNA interference (RNAi). RNAi is

believed to have evolved as a protection mechanism against invading nucleic acids

such as viruses that would have later become involved in general genetic control of

cells. The cellular mechanisms in which RNAi is currently known to participate are

multiple and the small-RNA type is organism specific. However, they all seem to

share a highly controlled processing of larger RNAs into small effector RNAs

which via sequence specific binding target homologous RNAs (or probably also

DNA). The outcome of RNAi pathways is usually a reduction of gene expression

and this phenomenon is therefore also called RNA silencing.

The finding that an artificial introduction of genetic components (DNA or RNA)

can trigger cell’s RNAi and lead to targeted modification of gene activity has made

the RNA-research one of the most blooming fields of investigation in biosciences.

Besides its use as a basic tool for studying gene function, RNAi has numerous
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biotechnological and therapeutic applications. The discovery of the RNAi mecha-

nism in 1998 (Fire et al. 1998) was awarded with the Nobel Prize for Medicine or

Physiology in 2006. The cellular mechanisms connected to and controlled by RNAi

are under massive scientific research. Even though many aspects of RNAi are still

poorly understood the basic steps of various pathways have already been estab-

lished. With increasing information it is however becoming evident that previous

classifications of RNAi dependent mechanisms have been oversimplifications.

Different small RNA dependent pathways are now known to work in a simulta-

neous and interconnected manner and new RNAi regulatory networks are also

identified with increasing speed.

9.2 RNAi Mechanisms

Several gene inactivation phenomena described separately such as transgene-

induced cosuppression of endogenes (Jorgensen 1990) and virus-induced gene

silencing (VIGS) (Ruiz et al. 1998) in plants as well as quelling in Neurospora
crassa (equivalent to cosuppression in plants) (Romano and Macino 1992), are now

known to be mediated by small 20–30 nt cellular RNAs originating from dsRNA.

The RNAi mechanism was first described in the model nematode Caenorhabditidis
elegans (Fire et al. 1998). It is now known to be a conserved eukaryotic pathway

which affects genes and genomes by controlling chromatin structure, chromosome

segregation, protection against invading viruses, transposon inactivation, gene

transcription, RNA processing, RNA stability and translation in plants, fungi and

animals (Carthew and Sontheimer 2009; Moazed 2009).

RNAi pathways are shown to act in cells both in cytosolic and nuclear environ-

ments and even though highly variable in their actions and outcomes they all rely on

the sequence complementary of the small regulatory RNAs to their target tran-

scripts. Three main classes of cellular small regulatory RNAs have been described

this far: small interfering RNAs (siRNAs), micro-RNAs (miRNAs) and PIWI-

interacting RNAs (piRNAs).

The siRNAs act at several regulatory levels and via variable RNAi target

mechanisms in plants, animals and fungi while the miRNA-dependent translational

silencing pathway is detected both in animals and plants but it seems to be missing

in the fungal kingdom. The biogenesis of siRNAs and miRNAs requires dsRNA

precursors and strictly depends on activities of two RNAi proteins: ribonuclease

(RNase) Dicer (Bernstein et al. 2001; Carmell and Hannon 2004) and Argonaute

(Hammond et al. 2001; Hutvagner and Simard 2008). The piRNAs are the newest

and less understood class of regulatory small RNAs. They silence transposons in

animal germline cells and their biosynthesis is not dsRNA dependent and neither

does it need Dicer activity. They however interact with PIWI-clade Argonaute

proteins (Girard et al. 2006). This classification of small regulatory RNA is based

on the biogenesis and mechanisms of action and is to some extent artificial though

some biogenesis classes can perform different organism-specific target activities.
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Many of the proteins involved in RNAi are present as multigene families in

eukaryotes. The homologous proteins are demonstrated to have different RNAi

pathway specificities and/or several pathways can be also interconnected by their

protein or RNA components. The facts that many of the already known protein

components are still uncharacterized and many of the detected RNA-dependent

cellular mechanisms are not fully resolved, indicate that there are certainly other

important regulatory roles for RNAs to be identified in future.

Also while the basic RNAi mechanisms are shown to be conserved, each

eukaryotic group has had its own evolutionary diversification resulting in distinc-

tive characteristics of RNA silencing pathways. Because siRNAs are the only class

of small regulatory RNAs described in fungi till today their biogenesis and target

actions are discussed in more detail. The use of RNAi as a genetic tool for fungi also

depends on the artificial introduction of this type of small regulatory RNAs. The

biogenesis and action of another important group, miRNAs, which are responsible

for gene regulation of at least 30% of human genes (Lewis et al. 2005) are also

presented as their target functions may overlap with siRNAs.

9.3 siRNA-Dependent RNA Silencing

9.3.1 siRNAs

The majority of information on basic RNAi mechanism originates from studies on

siRNAs (Carthew and Sontheimer 2009). siRNAs are double stranded small regu-

latory RNAs of 21–25 nt which are processed from dsRNA precursors in plants,

animals, fungi and ciliates cells. Several siRNA-mediated RNA silencing pathways

have been detected and they act both in cytosol and nucleus. In cytosol siRNAs

mediate post-transcriptional gene silencing (PTGS) predominantly via target mRNA

degradation but they can also cause translational arrest. In the nucleus siRNAs have

been connected to chromatin-dependent gene silencing (CDGS) both by transcrip-

tional gene silencing (TGS) and cotranscriptional gene silencing (CTGS) mechan-

isms (Moazed 2009).

SiRNAs were first detected in plants where they were believed to be of exoge-

nous origin and degradation products of invading viral, transgene or transposon

RNA (Mello and Conte 2004). However, several classes of siRNAs homologous to

centromeric and other natural genome repetitive sequences were detected indicat-

ing that siRNAs were processed in cells also from endogenous RNA sources in

plants (Lippman and Martienssen 2004). This led to the classification of exo-

siRNAs and endo-siRNAs. Endo-siRNA production has an obligate nuclear step

while exo-siRNA production can take place directly in cytosol. Besides plants

various classes of endo-siRNAs have also been detected in animals and fungi

proving that nuclear DNA is a natural source of siRNAs in different eukaryote

kingdoms (Golden et al. 2008; Moazed 2009).
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9.3.2 Sources of dsRNA in Cells

Long dsRNA precursors of siRNAs can be a result of direct invasion of dsRNAs

into cells such as viral RNA. Also exogenously introduced single-stranded RNAs

(ssRNA) can be turned into dsRNA in cytosol by RNA dependent RNA poly-

merases (RdRP), enzymes present in plants and fungi but absent in insects and

vertebrates. Also some noncoding or aberrant ssRNAs (such as mRNAs lacking

proper processing signals) originating from nuclear transcription can be detected as

a template for RdRPs directly in the nucleus or in cytosol. dsRNA molecules can

also be a direct result of nuclear transcription without RdRP activity. Antisense

transcription can result in dsRNAs by binding with sense transcripts. Also tran-

scripts of repetitive sequences, inverted repeats, and transposons can produce

dsRNAs (Moazed 2009).

Once dsRNA is present in the cell, either in the nucleus or in cytoplasm, it is

detected by the RNAi machinery. The cytosolic production of siRNAs and PTGS

cascade is best characterized in Drosophila, plant and human cells, while nuclear

siRNA activities involved in CDGS and heterochromatin control is profoundly

studied in the model fission yeast Shizosaccharomyces pombe. Today the artificial

triggering of cytosolic siRNA-dependent PTGS pathway is by far the most common

approach in altering gene expression by the RNA silencing technology in filamen-

tous fungi.

9.3.3 Cytosolic siRNA-Mediated PTGS

When dsRNA is detected in cytosol it initiates a multistep RNAi cascade that is

characterized by (1) digestion into double-stranded 21–25 nt primary-siRNAs by

the RNase III domain of the Dicer protein, (2) loading of one of the siRNA strands

(guide strand) into a multiprotein siRNA-induced silencing complex (siRISC)

including Argonaute protein, (3) sequence specific targeting of siRISC to a homol-

ogous ssRNA by guide-siRNA base paring and destruction of the target by the

slicing activity of RNase H-like fold of Argonaute, (4) dissociation of the siRISC

from the cut target RNA and targeting a new mRNA.

Dicer activity on dsRNAs is characterized by 2 nt 30overhangs leaving a 50

monophosphate in siRNA-ends. Binding of Dicer to dsRNA is also assisted by

proteins with dsRNA-binding domains (Tomari and Zamora 2005). If an organism

has several Dicer-like proteins these are generally specialized to process a certain

type of dsRNA templates (siRNA precursors or miRNA precursors respectively).

The role of Dicer as a siRNA-cutter can also be extended to RISC assembly as

especially Dicer-associated dsRBPs are shown to be important in the early steps of

RISC-formation (so called pre-RISC).

Argonaute (AGO) is a core silencing protein and many organism have several

AGO proteins specialized for acting in different RNAi pathways. While S. pombe
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has only one Argonaute, five, eight and twenty-seven paralogs exist in Drosophila,
humans and C. elegans (Carthew and Sontheimer 2009). All Argonautes do not

have endonucleolytic capacity and these might be important in RNAi pathways not

leading to direct target RNA destruction. The election of the guide-siRNA strand in

siRISC was for a long time a mystery but now it is known that the less thermody-

namically stable 50-terminus is chosen as a guide. siRNAs from different sources

such as viral siRNAs and transgene siRNAs in plants and endo- and exo-siRNAs in

Drosophila have different requirements for RISC-assembly depending on different

dsRBD (dsRNA binding domain) proteins (Golden et al. 2008). The precise

mechanisms leading to such a precise discrimination of different origin siRNAs is

not yet known. The slicing activity of Argonaute requires a perfect match in base

paring between the siRNA-guide strand and the target RNA. The AGO slicing

generates 50-monophosphate and 30-hydroxyl termini in the RNA fragments pro-

duced. These are attacked by cellular exonucleases and degraded further (Orban

and Izaurralde 2005). RISC is demonstrated to localize in cytoplasm in special

structures, the processing bodies (P bodies), which are implicated in the regulation

of mRNA translation, storage, and degradation (Jagannath and Wood 2009).

Eukaryote genomes generally encode for several Dicer and Argonaute proteins.

Some isoforms have been linked to separate RNAi pathways such as virus defense,

chromatin modifications, miRNA processing or siRNA synthesis while some have

overlapping functions and are functional in several pathways. How different iso-

forms discriminate their dsRNA-targets and how they are engaged in specific RNAi

pathways is still poorly understood and under vigorous scientific investigation.

9.4 miRNA-Mediated Translational Arrest

If the base pairing with the target RNA is not perfect enough or the RISC contains

an Argonaute protein without slicing activity the direct degradation cannot take

place. However, these siRISCs can theoretically still act on target RNAs via a

second PTGS mechanism characteristic of another class of small regulatory RNAs,

miRNAs.

miRNAs were originally detected in viruses as sequences that affected expres-

sion of specific host mRNAs (Pfeffer et al. 2004). Later on endogenous miRNAs of

21–25 nt were described in plants and animals and they are now known to play a

fundamental role in gene expression regulation in these organisms. The majority of

miRNAs originate from nuclear transcriptional units of nonprotein encoding RNAs

and they are processed from 65–70 nt sequence that forms a ~33 bp mismatch stem-

loop precursor (pri-miRNAs) in nucleus by Dicer (plants) or the specific Dicer-like

protein Drosha (animals) to pre-miRNAs (Kim 2005). The pre-miRNAs with a

stem-loop structure are further processed in nucleus (plants) or in cytosol (animals)

to a mature ~22 bp miRNAs by Dicer and the mature guide-strand of miRNA
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is incorporated into miRISC and targeted to a homologous RNA in cytosol. The

animal miRNAs generally target gene transcripts at their 30UTR (untranslated

region) and this base paring is imperfect. Plant miRNAs however show nearly

perfect paring and they target coding sequences. In the case that the Argonaute

slicing activity is not compromised and the target binding is perfect or nearly

perfect, miRISC act in a similar manner as siRISC and degrades the target. This

often happens in plants where miRNAs can act in a siRNA manner. However, an

imperfect match, typical of animal miRNAs, inhibits slicing and leads to prolonged

binding of miRISC to the target and translational repression of the mRNA. The

mechanisms behind the translational repression are not yet clear but it might

involve various pathways that affect translation and direct mRNA to degradation

by deadenylation (Petersen et al. 2006; Wu et al. 2006).

9.5 RdRP Amplification of the Silencing Trigger

Organisms which have RdRP activity can amplify the primary siRNA trigger and

generate the so-called secondary siRNA cascade. This amplification of the original

effector molecule in plants, animals and fungi is a key for understanding how a

small amount of dsRNA can result in a strong and persistent RNA silencing effect

in cells. The amplification of the silencing signal is also behind the systemic

spreading of locally initiated RNAi in multicellular organisms. Furthermore, it

explains how the silencing signal can spread its effect and result in Argonaute-

mediated slicing of the whole target mRNA, and not only the RNA site sharing

sequence homology, with the primary siRNAs. The latter is known as transitive

silencing and it can have important implications for the use of RNA silencing as a

reverse genetic tool in organisms with RdRP activity.

The production of secondary siRNAs depends on RdRPs and this process is

shown to differ between plants and C. elegans (Petersen and Albrechtsen 2005;

Axtell et al. 2006; Ruby et al. 2006; Sijen et al. 2007; Pak and Fire 2007). In

C. elegans transitive silencing spreads toward the 50 but in plants to both 50 and 30 of
target mRNAs. In plants secondary siRNAs are also efficiently produced when the

target mRNA is already cut by Argonaute and these cleaved molecules are then

recognized by RdRP that generates more dsRNA molecules. These new dsRNAs

are further digested by Dicer into secondary siRNAs which can target homologous

RNAs. In C. elegans the primary siRNAs can directly lead to RdRP activity on

target mRNA and produce 22–23 nt dsRNA which are later cut by a still unchar-

acterized endonuclease activity into secondary siRNAs. The secondary siRNA

pools in plants and C. elegans differ also in their 50-end due their different origins.

The plant secondary siRNA carry 50-monophosphates while C. elegans siRNAs

have 50-di or triphosphates. 50-monophosphate cleavage is a typical Dicer cut

siRNA character. The secondary siRNAs in C. elegans differ also in a detected

strand-bias. They are predominantly antisense to the target RNA. They are also in
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phase respect to each other. The first secondary siRNA carries a sequence starting

close to the primary siRNA and the following one cover the next 22 bases and so on.

This dsRNA synthesis in the nematode seems not to be primed by the primary

siRNAs and how these exact 22 nt-long secondary siRNA synthesis are controlled

and how they are cleaved is not yet understood. The characteristics and extent of

secondary siRNA cascade in different fungal taxa has been rather poorly studied.

However, this cascade must be widespread as many fungi posses RdRPs.

The RdRP-dependent amplification of the original silencing signal is behind the

systemic silencing phenomenon observed in multicellular organisms. Introduction

of a silencing trigger in one part of an organism with RdRP activity can lead to

spreading of silencing to the whole plant, nematode or fungal colony. The molecu-

lar identity of the cell-to-cell mobile signal in RNAi is however not yet clear but it

is believed to be siRNA (Kalantidis et al. 2008). As there is no secondary siRNA

amplification in mammals or in Drosophila like in plants, fungi and nematodes

(Cogoni and Macino 1999; Dalmay et al. 2000; Sijen et al. 2001) the direct

introduction of synthetic siRNAs to these organisms can cause only transient

silencing effect.

Besides the systemic silencing, another important aspect of transitive silencing is

that in these organisms the RNA silencing effect may not be strictly primary trigger

specific. Secondary cascade siRNAs may act on other mRNAs that share homolo-

gous sequences with the original target outside the primary silencing trigger

binding site. These are called off-target effects and cellular silencing pathways

responsible for them can vary according to the grade of homology between the

secondary siRNAs and the RNA targets. Perfect matches can produce Argonaute-

mediated slicing and the imperfect base pairing can lead to miRNA-type transla-

tional arrest and RNA decay. The majority of transitive silencing linked off-target

effects are believed to rise via the latter mechanism due to the predominantly

imperfect base paring nature of the secondary siRNAs. Interestingly, no plant or

animal type miRNAs have been detected in fungi and whether the imperfectly

paired secondary siRNAs in these eukaryotes can act via translational arrest and

mRNA decay is not clear.

However, these silencing off-target effects can also be a benefit. Transitive

silencing makes possible more efficient simultaneous silencing of homologous

members in multigene families. This can be highly useful in polyploid plants.

However, species specific differences for transitive silencing and efficiency

depending whether the target gene is an endo- or a transgene have been reported

(Miki et al. 2005; Bleys et al. 2006a, b). The molecular mechanisms leading to such

sequence discrimination are not yet understood but as plants and fungi generally

have a numerous set of RdRPs this suggest a specialized activity of different

isoforms on specific RNA substrates. Studies on some of the Arabidopsis six

RdRPs have in fact revealed the specificity of independent enzymes, some partici-

pating in sense transgene-triggered RNA silencing but not in RNA silencing

activated by inverted repeated transgenes or RNA viruses while others are respon-

sible for viral defense (Yu et al. 2003).
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9.6 siRISC Can Operate on Target mRNAs in Nuclear

Environment Also

siRNA-dependent slicing of target mRNAs was believed to occur only in cytosol.

However, recent data strongly indicates that Argonaute-mediated slicing takes

place also in the nuclear environment. Nuclear RISC (nRISC) has been detected

in human cells and it is loaded with siRNAs in cytosol. This nRISC is later imported

to the nucleus where it targets homologous mRNAs either by slicing or directing

them to other decay pathways (Ohrt et al. 2008; Weinmann et al. 2009). The nRISC

appears to be a conserved part of the eukaryotic silencing machinery. A nuclear

RNAi–specific Argonaute protein has also been described in C. elegans. Its locali-
zation into the nucleus is siRNA-binding dependent and this binding takes place in

cytosol (Guang et al. 2008).

The existence of cytosol-loaded nRISC is now explaining some long known

silencing phenomena such as transcriptional inactivation of host genes via VIGS.

This nuclear effect was detected in plants when infected with cytosolic dsRNA

viruses (Wassenegger et al. 1994). Equal to siRNAs, other types of small regulatory

RNAs are also now proposed to function both in cytosolic and nuclear environ-

ments. Besides the direct post-transcriptional silencing effect on target mRNAs in

cytosol and also in nucleus these small RNAs can also be involved in epigenetic

modification of homologous DNA sequences and control gene expression at the

transcriptional level.

9.7 Epigenetic Effects Associated with RNAi

RNAi is connected to epigenetic modifications of the host genome. These include

direct DNAmethylation and/or histone modifications depending on the organism. It

is increasingly being recognized that all types of small regulatory RNAs have some

epigenetic nuclear effects and that the basic mechanisms responsible for them seem

to be conserved within the eukaryotic domain (Djupedal and Ekwall 2009; Verdel

et al. 2009). These chromatin modifications are complex, long lasting, even herita-

ble, and they can affect gene expression as well as be implicated in different

diseases. Epigenetics along with RNAi are the current hot spots of biological

research.

Majority of RNAi-mediated DNA modifications can be seen as auto-defense

responses which secure genome integrity by inactivating transposable elements and

imbedding repetitive sequences into heterochromatin. Also some genes can be

under RNAi-dependent epigenetic control. siRNA-mediated heterochromatin con-

trol and the histone methylation of the pericentromeric repeats has been exhaus-

tively studied in the fission yeast S. pombe. Heterochromatin, a traditionally

transcriptionally inactive part of the genome is now, paradoxically, shown to

depend on active transcription for its formation and maintenance (B€uhler 2009).
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A nascent-transcript model has been proposed where siRNAs, originating from

transcription of genome repetitive elements and produced via RdRP and Dicer

activities in nucleus, are incorporated into RITS (RNA-induced transcriptional

silencing complex) which binds to nascent homologous RNA transcripts at their

site of synthesis. This RITS-binding serves as a mark for histone modifying proteins

(S. pombe does not have direct DNA methylation response) which initiate hetero-

chromatin formation and maintain it in repetitive genomic loci (Moazed 2009).

Equivalent mechanisms based on active transcription and nuclear siRNA–RNA

binding are proposed to control epigenetic modifications present in natural or

introduced repetitive sequences in plants, fungi and animals. These effects are

called CTGS.

Heterochromatin formation can reduce transcription of genes embedded in the

region. Such a heterochromatization leading to TGS can be a result of RNAi

mechanisms and to be mediated via siRNAs. If dsRNA precursor in the cell carries

a sequence homologous to a gene promoter, siRNAs processed from such a

precursor can be engaged in a RNAi pathway targeting homologous DNA in

nucleus. This results in the inhibition of the target gene transcription and this

reduced transcription correlates with an altered epigenetic status (increased DNA

and histone methylation) of the targeted promoter sequences. TGS has been

demonstrated in plants, fungi, insects and also in mammalian cells (Weinberg

2006; Verdel et al. 2009). The function of siRNAs in TGS is not yet totally resolved

but they seem to target homologous promoter sequences by RNA–RNA, and not via

direct RNA–DNA binding, probably according to the nascent transcript model. The

production of primary siRNAs involved in TGS can, however, also be cytosolic and

not only nuclear as postulated for S. pombe heterochromatin formation. A cytosolic

nRISC formation and nuclear import may therefore take place before homologous

DNA sequence targeting in nucleus. Besides siRNAs, both plant and animal

miRNAs are also now known to have the capacity to target, not only mRNAs in

cytosol, but to act on homologous DNA sequences in nucleus (Gonzalez et al. 2008;

Kim et al. 2008). This targeting, probably via RNA–RNA interactions, causes

epigenetic modification and can result in TGS. Epigenetic effects linked to RNAi

are highly complex and a field of massive scientific research.

A scheme showing different RNA silencing pathways demonstrated to be active

in eukaryotic cells is presented in Fig. 9.1.

9.8 Use of RNAi as a Genetic Tool

RNAi technology has offered an exceptional tool for functional genomic studies.

RNAi can be launched in different organisms by artificial introduction of RNAi

inducing RNA (or DNA) triggers. Because RNAi results in reduced mRNA levels

but does not completely abolish gene function it has also made possible to study

genes whose knock-outs would be lethal. Due to the cytosolic nature of PTGS it

offers a direct and fast approach to alter gene expression in dikaryotic, diploid and
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polyploid organisms. RNAi has been successfully used for studying specific gene

functions in a wide range of eukaryotes (Travella and Keller 2009). Today RNAi

research is mainly dedicated to the use of artificial miRNAs instead of siRNAs due

to their higher target specificity (Ossowski et al. 2008; Carthew and Sontheimer

2009). However, miRNA applications are functional in organisms which posses this

specific silencing pathway, these not including fungi.

The number of full genomic sequences is growing almost on a daily basis and

RNAi technology has made possible, with a relative low investment, to look for the

function of practically any gene of interest. Studies at full genome scale have

already been conducted in C. elegans. Of nematode’s approximately 19,000

genes 86% have been screened for their function with the RNAi feeding library

technology (Kamath et al. 2003). Of the genes analyzed 1,722 produced identified

phenotypes proving RNAi a highly efficient tool for reverse genetics in this

organism. RNAi has also been used for several genome wide studies in Drosophila
(Boutros et al. 2004; Chen et al. 2008; Cronin et al. 2009; Mummery-Widmer et al.

2009). Similar kinds of studies with the RNAi technology are now initiated in plants

(Ossowski et al. 2008). Moreover, RNAi is massively used for screening gene

functions is mammalian cells. These studies are headed for resolving the genetic

background of different diseases and developing RNA therapy drugs (Gobeil et al.

2008; Zhou et al. 2008; Krishnan et al. 2008; Castanotto and Rossi 2009).

Fig. 9.1 (continued) initiate de novo methylation in homologous genomic DNA sites is not yet

well understood but it seems to depend on nascent RNA-siRNA binding similarly to RNAi-

dependent maintenance of heterochromatin in pericentromeric repetitive sequences of S. pombe
(see below) 2. Nuclear siRNAs are also shown to participate in heterochromatization in different

eukaryotes. siRNAs can target both natural and transgenic genomic repetitions resulting in target

DNA methylation and/or histone modifications and this process involves Dicer, AGO and RdRP

proteins. The RNAi-dependent maintenance of cellular heterochromatin has been most thoroughly

studied in S. pombe where a nascent transcript model has been proposed: RNA transcripts

constantly produced from these repetitive genomic loci are responsible for the physical co-

localization of siRNAs-protein complexes (RITS) to these sites and also for the further production

of the homologous siRNAs. The RNA-RNA binding of RITS with the nascent transcripts serves as

a flag for nuclear histone modifying enzymes to maintain the heterochromatic state of these sites.

Also these same nascent transcripts are detected by RdRP to produce dsRNAs which are processed

by Dicer into siRNAs and loaded into RITS. Even though characterized in S. pombe the involve-
ment of RNAi and nascent RNA transcripts in heterochromatization of genomic sequence repeti-

tions seem to be a conserved cellular mechanism among different eukaryotes. To which extent

these nuclear siRNAs can initiate de novo chromatin modification however is not yet clear. Also

the participation of cytosol processed siRNAs in this nuclear RNAi–pathway and in initiation of

epigenetic modifications cannot be excluded. hpRNA hairpin RNA; dsRNA double-stranded RNA;

siRNA small interfering RNA;miRNAmicro-RNA; RdRP RNA dependent RNA polymerase; AGO
Argonaute protein; siRISC siRNA-induced silencing complex; miRISC miRNA-induced silencing

complex; nRISC nuclear siRISC; RITS RNA-induced transcriptional silencing complex; DMT
DNA methylation; HMT histone methylation; RNAPol RNA polymerase; Prom gene promoter

region
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9.9 RNA Silencing in Fungi

In fungi transgene induced endogene cosuppression was first reported in the

filamentous ascomycete N. crassa where the phenomenon was called quelling

(Romano and Macino 1992). Now it is known that quelling is a RNAi gene

inactivation process dependent on multiple transgene arrays. Further studies on

quelling have resulted in the discovery of many of the underlying mechanisms of

RNAi in eukaryotes and turned this fungus as one of the model organisms in RNAi

research (Fulci and Macino 2007). Also in the fission yeast S. pombe studies about
RNAi-mediated heterochromatin formation have resolved how nonprotein coding

natural small RNAs control genome integrity in eukaryotes (Moazed 2009; B€uhler
2009). Later on, the RNA silencing pathway has been shown to exist in many other

yeast and filamentous fungal species. Small nonprotein coding RNAs have been

shown to target homologous mRNAs by Dicer- and Argonaute- dependent slicing

in fungi, similar to other eukaryotes. RNAi has also been linked to cell defense

against viruses, stabilization of transposons, control of heterochromatin formation

and some programmed DNA elimination processes. Natural nonprotein coding

small RNAs originating from transposons and repetitive genome sequences have

recently been isolated inM. oryzae, N. crassa, and A. fumigatus demonstrating that

RNAi pathways are involved in the control of genome integrity in filamentous fungi

as well as in S. pombe (Murata et al. 2007; J€ochl et al. 2008; Cecere and Cogoni

2009). However, no regulatory miRNAs have been reported yet and the absence of

this RNAi pathway could be characteristic of the fungal kingdom (Nakayashiki and

Nguyen 2008).

9.10 RNA Silencing Protein Machinery in Fungi

With growing genomic sequence information from diverse fungi, comparative

studies on evolution and diversification of RNA silencing proteins in this group

of eukaryotes have become possible. A phylogenetic analysis of fungal species

covering, ascomycetes, basidiomycetes and zygomycetes was carried out by

Nakayashiki and Kadotani (2006). These authors used sequences coding for

Dicer, RdRP and Argonaute proteins in order to establish the evolutionary history

of diversification of RNA silencing pathways between and within different fungal

taxa and also between fungal, plant (Arabidopsis) and animal (Drosophila) king-
doms. The existence of RNAi protein machinery has been demonstrated in asco-

mycetes, basidiomycetes and zygomycetes. However, different fungal taxa show an

unexpected wide diversification in their RNAi protein repertoire. Some parts of the

fungal RNAi machinery have gone through phases of expansion while a complete

or partial loss of the pathway has happened independently in different nonphylo-

genetically related species. It seems that the whole Saccharomyces complex,

including S. cerevisiae and Candida spp. has lost all Dicer and RdRP proteins
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and the same has happened in the basidiomycete Ustilago maydis. However, in the

closely related species U. hordei the dsRNA-triggered RNAi pathway is functional

(Laurie et al. 2008). Similarly different orthologous proteins such as RdRP-1, 2 and

3, present in different fungal phyla, cluster together indicating that these duplication

events are ancestral and have occurred before fungal diversification. Schizosac-
charomyces pombe, which has just one of each RNAi proteins, would thus have lost
paralogous proteins during evolution.

A special RNAi gene expansion is detected among basidiomycetes where at least

three distinct classes of Dicer and RdRP proteins and two of Argonaute-like

proteins have been detected. This gene expansion has especially affected Argonaute

and RdRP proteins in homobasidiomycetes such as Phanerochaete chrysosporium
and Coprinus cinereus. The former has seven AGOs and nine RdRPs and the latter

eight AGOs and seven RdRPs. Moreover, both of these basidiomycetes have three

Dicer genes while filamentous ascomycetes usually have two. Cryptococcus neo-
formans, a basidiomycete yeast, seem to have evolved distinctly and its RNA

silencing proteins show characteristics not observed in other fungal proteins. For

example the Cryptococcus Dicer proteins lack the typical DEAD/DEAH box heli-

case, a feature that has also been reported in functional Tetrahymena Dicer-like

protein (Dcl1) involved in RNA silencing related pathway of internal elimination

sequences (IES) (Mochizuki and Gorovsky 2005). Also a comparison of RNAi

protein machinery of seven Aspergillus species has revealed that significant varia-

tion exists between them indicating both gene duplication and truncation events

(Hammond et al. 2008b).

These phylogenetic studies highlight some fundamental aspects of fungal RNAi.

Firstly, different fungal taxa have highly different RNAi protein repertoire and

secondly, some fungal species have lost all or are impaired in some RNAi path-

ways. Also closely related species can significantly differ in their RNAi capacity.

The evolutionary forces driving eukaryotic RNA silencing gene change are unclear

and in fungi in general, RNA silencing gene evolution appears to be more complex

than in any other type of eukaryotes. Due to this high variation, RNA silencing and

its functionality must be demonstrated in each fungal species of interest.

9.11 Viral Origin of RNAi in Fungi

RNAi mechanisms are activated in eukaryotes during viral infections. The evolu-

tionary origin of RNAi is believed to be linked to the protection of cells against

invading nucleic acids. Also both plant DNA and RNA viruses encode for suppres-

sor proteins which inactivate plant RNAi mechanisms supporting this hypothesis

further (Moissiard and Voinnet 2006; Dı́az-Pendón and Ding 2008). Similar

mechanisms are active also during viral infection in animal cells (Gitlin and Andino

2003; Li et al. 2004; Berry et al. 2009).
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The first indications of the virus defense origin of RNAi pathways in fungi come

from a recent work on the chestnut blight fungus Cryphonectria parasitica. Viru-
lence attenuating hypoviruses of the species, Cryphonectria hypovirus 1 (CHV1),

encode a papain-like protease, p29, that shares similarities with the potyvirus-

encoded suppressor of RNA silencing HC-Pro. Expression of this protein in the

fungus was shown to suppress hpRNA (hairpin RNA) induced RNA silencing of

the reporter GFP gene (Segers et al. 2006). The direct link between RNA silencing

and virus defense was further demonstrated by disruption of two Dicer-like genes

of Cryphonectria, dcl1 and dcl2. While dcl1 disruption did not cause an obvious

phenotype, dcl2 or dcl1/dcl2 double mutants were highly susceptible to hypo-

virus CHV1-EP13 infection (Segers et al. 2007) The virus-derived small RNAs

(vsRNAs) accumulation, their dependency on DCL-2 activity and virus induced up-

regulation of Dicer expression was also recently reported in Cryphonectria (Zhang

et al. 2008). The activation of fungal RNAi during viral infection or when triggered

with long dsRNAs has been demonstrated in N. crassa and A. nidulans as well

(Choudhary et al. 2007; Hammond et al. 2008a).

9.12 RNA Silencing in Different Fungi

Description of the RNAi pathways and their efficient artificial triggering in the

filamentous ascomycetes N. crassa,M. oryzae (syn.M. grisea) and the fission yeast
S. pombe (Cogoni et al. 1996; Raponi and Arndt 2003; Kadotani et al. 2003) has led
to the increasing use of RNAi as a reverse genetic tool in fungi. Especially in

filamentous fungi, where gene knock-out experiments are often very challenging,

RNAi has offered a novel and fast way for modifying gene expression. In last years

siRNA-dependent silencing has been demonstrated and used for genetic studies in

several ascomycete species such as M. oryzae, Colletotrichum lagenarium, Ven-
turia inaequalis, Cladosporum fulvum, S. pombe, Aspergillus fumigatus, A. nidu-
lans, A. flavus, A parasiticus, Fusarium graminearum, Histoplasma capsulatum,
Sclerotinia sclerotiorum, Ophiostoma floccosum, O. piceae, Coniothyrium mini-
tans, Penicillium expansum, Acremonium chrysogenum (syn. Cephalosporium
acremonium), Trichoderma harzianum and in N. crassa (Hamada and Spanu

1998; Kadotani et al. 2003; Raponi and Arndt 2003; Schramke and Allshire

2003; Fitzgerald et al. 2004; Goldoni et al. 2004; Mouyna et al. 2004; Sigova

et al. 2004; McDonald et al. 2005; Nakayashiki et al. 2005; Rappleye et al. 2004;

Cardoza et al. 2006; Tanguay et al. 2006; Erental et al. 2007; Gong et al. 2007;

Janus et al. 2007; Sch€umann and Hertweck 2007). RNA silencing has been also

reported in the zygomycete Mucor circinelloides (Nicolás et al. 2003) and the

basidiomycetes Schizophyllum commune, Cryptococcus neoformans, Coprinus
cinereus, P. chrysosporium and Moniliophthora perniciosa (Schuurs et al. 1997;

Gorlach et al. 2002; Liu et al. 2002; Namekawa et al. 2005; de Jong et al. 2006;

W€alti et al. 2006; Matityahu et al. 2008; Caribé Dos Santos et al. 2009).

9 RNA Silencing in Ectomycorrhizal Fungi 191



9.13 How RNAi Is Experimentally Initiated in Fungi

In fungi RNAi is generally launched by similar techniques used by plant research-

ers. These are characterized by a stable cellular production of RNAi trigger which

results in a stable and not transient RNAi phenotype. This is achieved by transform-

ing the fungus with a DNA construct which via host cell’s transcriptional machin-

ery produces dsRNAs and later siRNAs homologous to the target mRNA

predominantly via PTGS. All fungal studies this far have used gene coding

sequences for targeting homologous or heterologous mRNAs. Whether the trig-

gered reduction of the target mRNA has been purely due to PTGS or TGS

mechanisms have also contributed to the silencing phenotypes, has however not

been verified in the majority of these studies.

The RNAi triggering genetic DNA elements introduced in fungi can be integrative

or auto-replicative and the dsRNA in cells can be produced from different RNA

precursors. These can directly have a dsRNA structure or form dsRNA by binding

to cellular sense-transcripts. Fungal as well as plant cells tolerate long dsRNA

molecules unlike vertebrate and mammalian cells where longer than 30 nt dsRNA

launches strong interferon response (Stark et al. 1998). Therefore, long dsRNA hair-

pins (hpRNAs), antisense RNAs and expression of sense and antisense RNAs from

convergent promoters can be used for triggeringRNA silencing in fungi. However, the

most potent and widely used RNAi triggers in fungi are promoter expressed hpRNAs

with homology arms of around 200–500 bp.

An efficient RNA silencing/transformation vector system adapted to fungi

however did not exist until Nakayashiki et al. (2005) published pSilent-1. This

cloning vector was developed for an easy PCR based cloning of intronic spacer

hairpin RNAs (ihpRNAs) to be expressed in ascomycetes. pSilent-1 was also

designed to function for direct plasmid transformation and carries a hygromycin

resistance cassette for antibiotic selection of the transformants. This cloning/trans-

formation vector has made RNA silencing studies in ascomycetes easy to perform

and has been successfully used, with or without modifications, in M. oryzae,
Colletotrichum lagenarium, Bipolaris oryzae and Acremonium chrysogenum
(Nakayashiki et al. 2005; Janus et al. 2007; Moriwaki et al. 2007). Now the second

generation of silencing vectors for direct hpRNA or convergent promoter RNA

expression is being designed. Further modifications of the pSilent-1 vector, pSilent-

Dual1 (Nguyen et al. 2008), pTroya (Shafran et al. 2008), and pFANTAi4

(Krajaejun et al. 2007) are adapted for high-throughput functional genomic studies

in ascomycetes, the latter two also incorporating the GATEWAY technology

(Invitrogen) in fungal silencing vectors. Also other hpRNA cloning vectors such

as pFIRD1, designed for A. niger and utilizing recombination in vitro (Oliveira

et al. 2008), and an inducible promoter system for RNAi in A. nidulans (Barton and
Prade 2008), have been released.

RNAi is already established as quite a standard genetic tool for working with

ascomycetes (Nakayashiki and Nguyen 2008). While the number RNA silencing

publications in ascomycetes is rapidly increasing, studies conducted in
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basidiomycetes are still few. This low number of RNA silencing publications partly

reflects the complications with DNA-transformation techniques but most of all the

lack of molecular genetic RNAi tools adapted for this group of fungi.

In C. elegans an exogenous exposure of the organism to small dsRNA molecules

launches RNAi. A similar approach of a direct RNA triggers has not traditionally

been used for fungal RNAi. Nevertheless, in a recent work on A. nidulans the

cocultivation of the fungus with siRNAs targeted to the fungal key polyamine

biosynthesis gene ornithine decarboxylase (ODC) was shown to launch RNAi. As

a result target mRNA and cellular polyamine concentrations levels in the fungus

were reduced (Khatri and Rajam 2007). This has been the first demonstration of

uptake of siRNA by germlines from the culture medium and RNAi triggering in

fungi. Also direct incubation of A. niger protoplast with siRNAs has been shown to
launch transient RNAi (Barnes et al. 2008). These discoveries open the possibility

of using siRNAs for new applications such as antifungal drug development. Also a

direct electroporation of long dsRNAs have been recently shown to trigger long

lasting RNAi response in the basidiomycete Moniliophthora perniciosa (Caribé

Dos Santos et al. 2009). These reports strongly propose that, equal to animal

research, dsRNAs as directly introduced silencing triggers could be used in fungal

research as well.

Different DNA and RNA triggers used for initiating PTGS in fungi and the

proposed cellular RNAi pathways involved are summarized in Fig. 9.2. Also, the

possible epigenetic effects linked to silencing triggering are illustrated.

9.14 Simultaneous Silencing of Genes with a Single Trigger

in Fungi

A singular silencing trigger can lead to simultaneous silencing of several targets.

Genes belonging to multigene families sharing homologous sequences can theoreti-

cally be targeted with a single trigger. Also chimeric constructs carrying target

endogene and reporter gene sequences can lead to simultaneous silencing of both.

Such approach can be used for facilitating the screening of strongly silenced strains

as silencing of the marker and the target endogene generally coincides. An efficient

simultaneous silencing of two genes has been reported by a chimeric hairpin con-

struct in Venturia inaequalis. Transformation with a hairpin carrying both reporter

egfp and endogenous gene sequences resulted in reduced expression of both genes

(Fitzgerald et al. 2004). A similar approach has been used for cosilencing a dsRED-

maker gene in Acremonium chrysogenum (Janus et al. 2007), ade2 in Cryptococcus
neoformans (Liu et al. 2002) and egfp inM. oryzae (Nguyen et al. 2008).

RNA silencing of two fungal endogenes by a single hairpin has been demon-

strated in Coprinus cinereus. Simultaneous silencing of genes encoding isogalec-

tins (cgl1 and cgl2) sharing only 87% identity was produced by dsRNA carrying a

cgl2 sequence (W€alti et al. 2006). These results indicate that RNAi serves also for
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silencing gene families in fungi. The minimum sequence homology needed for

efficient cosilencing is not yet determined for fungi and may vary between species.

While simultaneous silencing can be a benefit, it is also the biggest drawback of the

RNA silencing technology. Unwanted off-target effects originating from short

sequence homologies are possible especially when long dsRNAs are used as

primary RNAi triggers.

These off-target effects were recently studied by Nguyen et al. in M. oryzae.
Genes sharing sequence similarity with an E-value of only about e�3 or e�4 were

sometimes silenced at similar levels and only 13 nt perfect homology between genes

was enough for simultaneous silencing of an unwanted target (Nguyen et al. 2008)

Also in HeLa cells only a 7 nt sequence complementary between the unwanted target

and a siRNA or a short-hairpin RNA trigger has been reported to launch off-site

effects (Jackson et al. 2006). Special attention should thus be paid in future for

designing RNAi triggers. It seems that RNA silencing is not as sequence specific as it

was previously believed and probable off-target effects cannot be completely

avoided. These can however be reduced by using more discriminatory shorter

RNA triggers. In Coprinopsis cinerea (syn. Coprinus cinereus) as short as 19 bp

dsRNA trigger can initiate a specific RNA silencing response (Costa et al. 2008).

As fungi possess RdRPs the silencing off-target effects are not necessarily linked

only to the primary silencing trigger. The degree of transitive silencing and possible

off-target effects of secondary cascade siRNAs has however not been profoundly

Fig. 9.2 The most common triggers for artificially initiated RNAi in fungi are variable integrative

or auto-replicative promoter-directed DNA elements. Their introduction to cells results in direct

dsRNA production by transcription (hpRNAs), dsRNA formation by base paring of produced

sense and antisense transcripts (convergent promoter expression), or their form dsRNAs by paring

with target mRNAs (antisense expression). Recently also direct dsRNA introduction by feeding or

electroporation has been demonstrated to launch RNAi in fungi. dsRNAs originating from these

different introduced triggers are recognized in cytosol by the fungal RNAi pathway leading to

PTGS. This involves dsRNA Dicer cutting, formation of 21–24 nt primary siRNAs and RISC

assembly. Dicer binding to dsRNA is assisted by dsRNA binding proteins (dsRBP) and RISC

assembly initiates with pre-RISC formation, leads to discard of one of the siRNA strands and

results in formation of mature holo-RISC. RISC targets mRNAs homologous to siRNAs. A perfect

base pairing leads to slicing of target by Argonaute (AGO) and reduction of mRNA concentration

(gene knock-down). However, imperfect mRNA–RISC pairing which leads to translational arrest

or mRNA decay in plants and animals might also occur in fungi even though it has not yet been

demonstrated. Cut mRNAs (or intact mRNAs) are potential targets for signal amplification by

RdRP. These new dsRNAs can be detected by Dicer and processed into secondary siRNAs. The

RNAi signal amplification step is not well characterized in filamentous fungi. Short dsRNAs or

siRNAs may act as primers at this step. Neither is the extent of this transitive silencing effect clear

in the fungal kingdom in general. RNAi is linked to epigenetic marks in different eukaryotes and

also in fungi. These nuclear effects can potentially affect the silencing triggering locus and/or the

target endogene by DNA methylations and histone modifications via mechanisms such as RNA-

induced transcriptional silencing complex RITS. If these epigenetic modifications can also be

internuclear, reaching untransformed nuclei in multinucleate fungal cells is not clear. A cytosol-

loaded nuclear siRISC (nRISC), detected in animals and apparently also present in plants, could

mediate such sequence specific effects between different nuclei through fungal cytoplasm
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studied yet in this group of eukaryotes. Transitive silencing has been demonstrated

in the zygomycete Mucor circinelloides (Nicolás et al. 2003) but its existence in

filamentous ascomycetes is not clear. At least no silencing spreading has been

detected in A. nidulans toward the 30 end on target mRNA transcripts (Barton and

Prade 2008). The fungal RNAi protein machineries are however highly variable

between different fungal taxa and the biological role of especially the RdRP-gene

family expansion in filamentous homobasidiomycetes (Nakayashiki and Kadotani

2006) is intriguing. The possible role of these proteins in spreading the silencing

effect should be investigated in future. Even though miRNAs have not been

detected in fungi the possibility that secondary siRNAs could act via miRNA-

type translational arrest on homologous mRNAs is not an excluded possibility.

9.15 Use of RNAi as a Reverse Genetic Tool in Fungi

RNA silencing does not completely abolish the target gene expression but its

reduction has been shown to result in phenotypes equivalent or close to null-

mutants. The percentage of functional phenotypes is generally much higher than

with gene knock-out making gene function studies remarkably faster to perform.

The power of this approach on modifying endogene expression has already been

demonstrated in several studies where strongly silenced fungal strains have clarified

the role of target genes in processes such as biosynthetic pathways, meiosis, asexual

sporulation or fungal virulence control (Rappleye et al. 2004; McDonald et al.

2005; Namekawa et al. 2005; Cardoza et al. 2006; Bohse and Woods 2007; Nguyen

et al. 2008; Nicolás et al. 2008; Cooper and Woods 2009; Panepinto et al. 2009).

RNA silencing can be also used for confirming gene knock-out phenotypes

obtained by other means (Gong et al. 2007). The true RNAi era on fungal research

has started with the release of the pSilent-1 cloning vector (Nakayashiki et al. 2005)

and therefore numerous reports on the RNAi technology in resolving biological

fungal functions are expected to be released in the following years.

Although it is already successfully used in reverse genetics of several species,

the basic cellular mechanisms behind RNAi in filamentous fungi are still poorly

understood and studied. The detected high species level variability in RNAi protein

machinery and the differences especially between ascomycetes and basidiomycetes

suggest that the true flexibility and limitations of this gene knock-down technique

must be evaluated on a species basis.

9.16 Gene Silencing in Ectomycorrhizal Fungi

Laccaria bicolor is a homobasidiomycete and ectomycorrhizal (ECM) fungus

which forms symbiosis with several boreal and temperate forest trees such as

birch, pine and poplar. Laccaria, the first symbiotic fungus with its genome
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sequenced (Martin et al. 2008), is also susceptible to genetic modification via

Agrobacterium-mediated transformation (AMT) (Kemppainen et al. 2005, 2008;

this book, Chap. 6). The availability of the full genomic sequence and the possibil-

ity to genetically modify this fungus has rapidly turned Laccaria into a true ECM

model species. However, gene knock-outs have turned out to be difficult to obtain

in this fungus. As the symbiotic phase of Laccaria is dikaryotic and interrupting one
of the gene copies does not necessarily produce strong haploinsufficiency pheno-

types (Kemppainen et al. 2008) RNA silencing represented an alternative and

highly attractive way for altering expression of Laccaria genes involved in ECM.

Gene knock-down had not been used before for studying plant–fungus symbiotic

interactions. Neither had the functionality of RNA silencing pathway been demon-

strated in ECM fungi.

A preliminary study of Laccaria full genome sequence revealed that it encodes

for a minimum set of genes with predicted protein products shown to be essential

for RNA silencing. Two putative Dicer-like, and several Argonaute and RNA-

dependent RNA polymerase (RdRP) proteins were detected (Kemppainen et al.

2009). Especially high number of putative RdRPs (6) and Argonautes (6) in

Laccaria reflects the homobasidiomycete specific gene expansion of the RNA

silencing machinery (Nakayashiki and Kadotani 2006). The bioinformatical evi-

dence of the existence of Laccaria RNAi machinery suggested the presence of a

functional siRNA-dependent silencing pathway in this fungus. This was assayed

with nitrate reductase as a test endogene target.

Laccaria nitrate reductase encoding gene (Lbnr) can be considered an optimal

test target for RNA silencing. This is a single genomic gene and not a member of a

multigene-family, thus reducing possible silencing off-target effects. Silencing of

Lbnr would also allow a fast growth phenotype screening on nitrate medium.

Moreover, as nitrate metabolism is generally repressed in fungi and other eukar-

yotes by primary N sources, growth of Lbnr-silenced strains would be expected to

be unaffected on ammonium. As N is one of the main mobile nutrients in ECM,

fungal N metabolism genes are therefore of special interest.

As with Laccaria the vast majority of ectomycorrhizal fungi studied this far can

support growth on nitrate indicating that this metabolic trait is evolutionarily

conserved (Nygren et al. 2008). The true role of nitrate as N source for ectomycor-

rhizal fungi in forest soil is however under current debate. Even though traditionally

considered of minor importance for total N pool in forest soil other studies are

proposing that this inorganic N form may have marked temporal and spatial

concentration gradients and be more available for mycorrhizal fungi than previ-

ously believed (Stark and Hart 1997; Laverman et al. 2000). Moreover, the activity

and differential expression of fungal and plant nitrate utilization genes has been

connected to functional ectomycorrhizal symbiosis and enhanced host plant N

nutrition. The nitrate reductases of plant hosts become down-regulated both in

endo- and ectomycorrhizal roots and this repression has been directly linked to

the activity of fungal N metabolism in ectomycorrhiza (Kaldorf et al. 1998;

Guescini et al. 2003; Bailly et al. 2007). This proposes that the mycorrhized hosts

can be highly dependent on the N uptake and utilization pathway of the fungal
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partner under nitrate feeding. The fungal response to symbiosis can however

vary between different ectomycorrhizal species. While in the basidiomycete

H. cylindrosporum nitrate reductase expression is lower in mycorrhizal structures

than in extraradical mycelium, in ectomycorrhiza formed by the ascomycete

T. borchii fungal nitrate utilization genes are induced in symbiotic structures

(Bailly et al. 2007; Guescini et al. 2003, 2007, 2009). Despite the observed species

specific variation, increasing data suggest that fungal nitrate metabolism genes can

play an important role in the establishment and/or the function of ectomycorrhizal

interactions in nature. Therefore, knocking-down of Lbnr could also offer informa-

tion on how this mutualistic association is regulated.

The functionality of the Laccaria RNA silencing pathway was tested by trans-

forming the dikaryotic fungus with a promoter-directed inverted repeated sequence

of a partial coding sequence of Lbnr (Kemppainen et al. 2009). RNA silencing was

accomplished in L. bicolor by AMT (Kemppainen et al. 2005, 2008; this book,

Chap. 6). Promoter-directed expression of dsRNA resulted in fungal transgenic

strains strongly affected in growth with nitrate as N source (Kemppainen et al.

2009). The phenotype correlated with a clear reduction of the target gene mRNA

level and this effect was not caused by homologous recombination of the T-DNA in

the nitrate reductase locus. Transformation with the hairpin sequence resulted in

specific but moderate CpG methylation of both the silencing triggering transgene

construct and the nitrate reductase encoding gene demonstrating that epigenetic

modifications accompany RNA silencing in Laccaria like in other eukaryotes. The

methylation in the target gene was restricted to the silencing trigger sequence and

did not represent the entire genomic DNA in the dikaryon suggesting that the

epigenetic changes accompanying RNA silencing affected only the transformed

nucleus. This strongly proposes that the Lbnr silencing phenotypes were predomi-

nantly a result of siRNA-dependent cytosolic PTGS mechanisms (Kemppainen

et al. 2009). Moreover, the silencing strength variation (SSV) between different

transformed strains did not correlate with the transgene copy number but it seems to

be linked to the nature of genomic integration sites of transgenes. Integrations in

euchromatin zones, especially within the coding sequence of active genes results in

strongly silenced fungal strains. These sites most probably allow the maximal

dsRNA-trigger production (Kemppainen et al. 2009; Kemppainen and Pardo 2010).

Mycorrhization experiments of Populus with strongly Lbnr-silenced fungal

strains revealed a systematic inhibition of symbiosis with nitrate as N source

compared to the wild type. This inhibition of mycorrhization was reversed by an

organic N source efficiently utilized by the fungus (i.e. L-asparagine). These

observations strongly suggest that the plant is able to sense the nutritional status

of a potential fungal symbiont avoiding the establishment of an unsatisfactory

interaction. A control mechanism conducted by the plant would inhibit symbiosis

when the metabolic profile of the fungal partner is not proper and mutual benefit

from the symbiotic structure cannot be assured. These results are the first direct

genetic proof showing that the alteration of expression of a fungal gene impairs

mycorrhization and the first demonstration of the RNA silencing pathway in
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mycorrhizal fungi. They also highlight the great potential of RNAi technology for

studying symbiotic interactions (Kemppainen et al. 2009).

However, the efficient use of RNA silencing requires a friendly silencing/

transformation vector. Double-stranded hpRNA expression from stable integrated

transgenes or from auto-replicative elements has been shown to be a widely

efficient trigger in inducing RNA silencing in fungi. Vectors for plant silencing

such as pHANNIBAL and pHELLSGATE (Wesley et al. 2001), and pSTARLING

and pOpOFF (CSIRO) have been available for almost a decade and several silenc-

ing vectors for mammalian cells have been reported in the last few years (Wadhwa

et al. 2004; Gou et al. 2007). RNA silencing vectors for fungi however did not exist

before the launch of pSilent-1 (Nakayashiki et al. 2005) which has led to the

successful use of RNA silencing as a genetic tool in filamentous ascomycetes.

While an increasing number of silencing vectors for ascomycetes has been released

during the last few years (Krajaejun et al. 2007; Nguyen et al. 2008; Shafran et al.

2008; Oliveira et al. 2008; Barton and Prade 2008) no silencing vectors adapted to

basidiomycetes have been available.

The successful RNA silencing in Laccaria generated an urgent need for an easy-
to-use RNA silencing/transformation vector compatible with AMT. Unfortunately,

many commonly used ascomycete promoters are weakly recognized in filamentous

basidiomycetes, especially when introduced predominantly as a single copy via

AMT. This makes the use of ascomycete-adapted vectors difficult in basidiomy-

cetes. Neither are these transformation vectors compatible with AMT. To fulfill this

current gap of RNAi tools optimized for homobasidiomycetes we constructed the

pSILBAg silencing vector for efficient RNA silencing triggering in L. bicolor
(Kemppainen and Pardo 2009). This cloning vector carries the Agaricus bisporus
gpdII-promoter, two multiple cloning sites separated by a L. bicolor nitrate reduc-
tase intron and the Aspergillus nidulans trpC terminator. The pSILBAg allows an

easy oriented two-step PCR-cloning of hairpin sequences to be expressed in

basidiomycetes. With one further cloning step into pHg, a pCAMBIA1300-based

binary vector carrying a hygromycin B resistance cassette, the pHg/pSILBAg
plasmid can be used for AMT (Kemppainen and Pardo 2010). Besides, for RNAi

triggering, the pHg/pSILBAg can also be used for gene expression studies. Due to

the widely recognized heterologous A. bisporus gpdII-promoter, both in the cloning

and the transformants selection cassette, this vector system should also result as

functional in other hygromycin B sensitive homobasidiomycete species.

We have shown that the dsRNA-triggered silencing pathway is functional in

the model ectomycorrhizal fungus L. bicolor (Kemppainen et al. 2009; Kemppai-

nen and Pardo 2010). This together with the availability of a easy-to-use basidio-

mycete-adapted silencing/AMT-vector, opens the possibility for efficient use of

gene knock-down in genetic studies of Laccaria. More importantly, RNA silenc-

ing can result in dikaryotic fungal strains affected in their mycorrhization capac-

ity. This sets the conditions for RNAi studies in ectomycorrhizal symbiosis, the

research field that up today has been hindered by the lack of functional reverse

genetic tools.
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9.17 Conclusion

The symbiotic phase in the life-cycle of ectomycorrhizal basidiomycetes is the

dikaryon. Thus, studies on symbiotic fungal gene function would require the

inactivation of both gene copies in the dikaryotic mycelium. Due to the extremely

low homologous recombination rate in this group of fungi, traditional gene knock-

out experiments and particularly double gene interruption/replacement are rather

difficult to achieve. However, an alternative approach, RNA silencing, has shed

some light on the ectomycorrhizal research field.

In many organisms, including fungi, RNA silencing can be artificially triggered

to target and degrade gene transcripts of interests, resulting in the so called gene

knock-down. Most importantly, RNA silencing can act at the cytosolic level

affecting mRNAs originating from several gene copies and different nuclei and it

can thus offer an alternative and fast way for altering gene expression in dikaryotic,

diploid, polyploid, and coenocytic organisms.

Laccaria bicolor, the first symbiotic fungus with its genome sequenced, has

rapidly turned into a model fungus in ectomycorrhizal research. Laccaria possesses
a complete set of genes known to be needed for RNA silencing in eukaryotic cells.

We have demonstrated that RNA silencing is functional in L. bicolor and that it can
be triggered via AMT. Moreover, targeted gene knock-down in dikaryotic myce-

lium can result in functional phenotypes altered in the symbiotic capacity confirm-

ing that RNA silencing is a powerful way to study symbiosis-regulated genes.

These findings have now initiated the RNA silencing era in mycorrhizal research,

a field that has been hindered by the lack of proper genetic tools.
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Caribé dos Santos AC, Sena JA, Santos SC, Dias CV, Pirovani CP, Pungartnik C, Valle RR,

Cascardo JC, Vincentz M (2009) dsRNA-induced gene silencing in Moniliophthora perni-
ciosa, the causal agent of witches’ broom disease of cacao. Fungal Genet Biol 46:825–836

Carmell MA, Hannon GJ (2004) RNase III enzymes and the initiation of gene silencing. Nat Struct

Mol Biol 11:214–218

Carthew RW, Sontheimer EJ (2009) Origins and mechanisms of miRNAs and siRNAs. Cell

136:642–655

Castanotto D, Rossi JJ (2009) The promises and pitfalls of RNA interference-based therapeutics.

Nature 457:426–433

Cecere G, Cogoni C (2009) Quelling targets the rDNA locus and fuctions in rDNA copy number

control. BMC Microbiol 9:44

Chen J, Shi X, Padmanabhan R, Wang Q, Wu Z, Stevenson SC, Hild M, Garza D, Li H (2008)

Identification of novel modulators of mitochondrial function by genome-wide RNAi sreen in

Drosophila melanogaster. Genome Res 18:123–136

Choudhary S, Lee H-C, Maiti M, He Q, Cheng P, Liu Q, Liu Y (2007) A double-stranded-RNA

response program important for RNA interference efficiency. Mol Cell Biol 27:3995–4005

Cogoni C, Macino G (1999) Homology-dependent gene silencing in plants and fungi: a number of

variations on the same theme. Curr Opin Microbiol 2:657–662

Cogoni C, Irelan JT, Schumacher M, Schmidhauser TJ, Selker EU, Macino G (1996) Transgene

silencing of the al-1 gene in vegetative cells of Neurospora is mediated by a cytoplasmic

effector and does not depend on DNA-DNA interactions or DNA methylation. EMBO J

15:3153–3163

Cooper KG, Woods JP (2009) Secreted dipeptidyl peptidase IV activity in the dimorphic fungal

pathogen Histoplasma capsulatum. Infect Immun 77:2447–2454

Costa AM, Mills PR, Bailey AM, Foste GD, Challen MP (2008) Oligonucleotide sequences

forming short self-complimentary hairpins can expedite the down-regulation of Coprinopsis
cinerea genes. J Microbiol Methods 75:205–208

Cronin SJF, Nehme NT, Limmer S, Liegeois S, Pospisilik JA, Schramek D, Leibbrandt A,

de Matos SR, Gruber S, Puc U, Ebersberger I, Zoranovic T, Neely GG, von Haeseler A,

Ferrandon D, Penninger JM (2009) Genome-wide RNAi screen identifies genes involved in

intestinal pathogenic bacterial infection. Science 325:340–343

Dalmay T, Hamilton A, Rudd S, Angell S, Baulcombe DC (2000) An RNA-dependent RNA

polymerase gene in Arabidopsis is required for post-transcriptional gene silencing mediated by

transgene but not by a virus. Cell 101:543–553

de Jong JF, Deelstra HJ, W€osten HAB, Lugones LG (2006) RNA-mediated gene silencing in

monokaryons and dikaryons of Schizophyllum commune. Appl Environ Mircrobiol 72:1267–1269

Dı́az-Pendón JA, Ding SW (2008) Direct and indirect roles of viral suppressors of RNA silencing

in pathogenesis. Annu Rev Phytopathol 46:303–326

Djupedal I, Ekwall K (2009) Epigenetics: heterchromatin meets RNAi. Cell Res 19:282–295

9 RNA Silencing in Ectomycorrhizal Fungi 201



Erental A, Harel A, Yarden O (2007) Type 2A phosphoprotein phosphatase is required for asexual

development and pathogenesis of Sclerotinia sclerotiorum. Mol Plant Microbe Interact

20:944–954

Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC (1998) Potent and specific genetic

interference by double-stranded RNA in Caenorhabditidis elegans. Nature 391:806–811
Fitzgerald A, van Kan JAL, Plummer KM (2004) Simultaneous silencing of multiple genes in the

apple scab fungus Venturia inaequalis by expression of RNA with chimeric inverted repeats.

Fungal Genet Biol 41:963–971

Fulci B, Macino G (2007) Quelling: post-transcriptional gene silencing guided by small RNAs in

Neurospora crassa. Curr Opin Microbiol 10:199–203

Girard A, Sachidanandam R, Hannon GJ, Carmell MA (2006) A germline-specific class of small

RNAs binds mammalian Piwi proteins. Nature 442:199–202

Gitlin L, Andino R (2003) Nuclei acid-based immune system: the antiviral potential of mammalian

RNA silencing. J Virol 77:7159–7165

Gobeil S, Zhu X, Doillon CJ, Green MR (2008) A genome-wide shRNA screen identifies GAS1 as

a novel melanoma metastasis suppressor gene. Genes Dev 22:2932–2940

Golden DE, Gerbasi VR, Sontheimer EJ (2008) An inside job for siRNAs. Mol Cell 31:309–312

Goldoni M, Azzalin G, Macino G, Cogoni C (2004) Efficient gene siliencing by expression of

double stranded RNA in Neurospora crassa. Fungal Genet Biol 41:1016–1024
Gong X, Fu Y, Jiang D, Li G, Yi X, Peng Y (2007) L-arginine is essential for conidiation in the

filamentous fungus Coniothyrium minitans. Fungal Genet Biol 44:1368–1379
Gonzalez S, Pisano DG, Serrano M (2008) Mechanistic principles of chromatin remodeling guided

by siRNAs and miRNAs. Cell Cycle 7:2601–2608

Gorlach JM, McDade HC, Perfect JR, Cox GM (2002) Antisense repression in Cryptococcus
neoformans as a laboratory tool and potential antifungal strategy. Microbiology 128:213–219

Gou D, Weng T, Wang Y, Wang Z, Zhang H, Gao L, Chen Z, Wang P, Liu L (2007) A novel

approach for the construction of multiple shRNA expression vectors. J Gene Med 9:751–763

Guang S, Bochner AF, Pavelec DM, Burkhart KB, Harding S, Lachowiec J, Kennedy S (2008) An

argonaute transports siRNAs from the cytoplasm to the nucleus. Science 321:537–541

Guescini M, Pierloeni R, Palma F, Zeppa S, Vallorani L, Potenza L, Sacconi G, Giomaro G,

Stocchi V (2003) Characterization of the Tuber borchii nitrate reductase gene and its role in

ectomycorrhizae. Mol Genet Genomics 269:807–816

Guescini M, Zeppa S, Pierleoni R, Sisti D, Stocchi L, Stocchi V (2007) The expression profile of

the Tuber borchii nitrite reductase suggests its positive contribution to the host plant nitrogen

nutrition. Curr Genet 51:31–41

Guescini M, Stocchi L, Sisti D, Zeppa S, Polidori E, Ceccaroli P, Satarelli R, Stocchi V (2009)

Characterization and mRNA expression profile of the TbNre1 gene of the ectomycorrhizal

fungus Tuber borchii. Curr Genet 55:59–68
Hamada W, Spanu PD (1998) Co-suppression of the hydrophobin gene HCf-1 is correlated with

antisense RNA biosynthesis in Cladosprorum fulvum. Mol Gen Genet 259:630–638

Hammond SM, Boettcher S, Caudy AA, Kobayashi R, Hannon GJ (2001) Argonaute2, a link

between genetic and biochemical analyses of RNAi. Science 293:1146–1150

Hammond TM, Andrewski MD, Roossinck MJ, Keller NP (2008a) Aspergillus mycoviruses are

targets and suppressors of RNA silencing. Eukaryot Cell 7:350–357

Hammond TM, Bok JW, Andrewski MD, Reyes-Domı́nguez Y, Scazzocchio C, Keller NP

(2008b) RNA silencing gene truncation in the filamentous fungus Aspergillus nidulans.
Eukaryot Cell 7:339–349

Hutvagner G, Simard MJ (2008) Argonaute proteins: key players in RNA silencing. Nat Rev Mol

Cell Biol 9:22–32

Jackson AL, Burchard J, Schelter J, Chau BN, Cleary M, Lim L, Linsley PS (2006) Widespread

siRNA “off-target” transcript silencing mediated by seed region sequence complementarity.

RNA 12:1179–1187

202 M.J. Kemppainen and A.G. Pardo



Jagannath A, Wood MJA (2009) Localization of double-stranded small interfering RNA to

cytoplasmic processing bodies Is Ago2 dependent and results in up-regulation of GW182

and Argonaute-2. Mol Biol Cell 20:521–529

Janus D, Hoff B, Hofmann E, K€uck U (2007) An efficient fungal RNA-silencing system using the

DsRed reporter gene. Appl Environ Microbiol 73:962–970

J€ochl C, Rederstorff M, Hertel J, Standler PF, Hofacker IL, Schrettl M, Haas H, H€uttenhofer A
(2008) Small ncRNA transcriptote analisis from Aspergillus fumigatus suggests a novel

mechanism for regulation of protein syntesis. Nucleic Acids Res 36:2677–2689

Jorgensen R (1990) Altered gene expression in plants due to trans interactions between homolo-

gous genes. Trends Biotechnol 8:340–344

Kadotani N, Nakayashiki H, Tosa Y, Mayama S (2003) RNA silencing in the phytophatogenic

fungus Magnaporthe oryzae. Mol Plant Microbe Interact 16:769–776

Kalantidis K, Schumacher HT, Alexiadis T, Helm JM (2008) RNA silencing movement in plants.

Biol Cell 100:13–26

Kaldorf M, Schmelzer E, Bothe H (1998) Expression of maize and fungal nitrate reductase genes

in arbuscular mycorrhiza. Mol Plant Microbe Interact 11:439–448

Kamath RS, Fraser AG, Dong Y, Polin G, Durbin R, Gotta M, Kanapin A, Le Bot N, Moreno S,

Sohrmann M, Welchman DP, Zipperlen P, Ahringer J (2003) Systemic functional analysis of

the Caenorhabditis elegans genome using RNAi. Nature 421:231–237

Kemppainen M, Pardo AG (2010) pHg/pSILBAg vector system for efficient gene silencing in

homobasidiomycetes: optimization of ihpRNA-triggering in the mycorrhizal fungus Laccaria
bicolor. Microb Biotechnol 3:178–200

Kemppainen M, Circosta A, Tagu D, Martin F, Pardo AG (2005) Agrobacterium–mediated

transformation of the ectomycorrhizal symbiont Laccaria bicolor S238N. Mycorrhiza 16:

19–22

Kemppainen M, Duplessin S, Martin F, Pardo AG (2008) T-DNA insertion, plasmid rescue and

integration analysis in the model mycorrhizal fungus Laccaria bicolor. Microb Biotechnol

1:259–269

Kemppainen M, Duplessin S, Martin F, Pardo AG (2009) RNA silencing in the model mycorrhizal

fungus Laccaria bicolor: gene knock-down of nitrate reductase results in inhibition of symbi-

osis with Populus. Environ Microbiol 11:1878–1896

Khatri M, Rajam MV (2007) Targeting polyamines of Aspergillus nidulans by siRNA specific to

fungal ornithine decarboxylase gene. Med Mycol 45:211–220

Kim VN (2005) MicroRNA biogenesis: coordinated cropping and dicing. Nat Rev Mol Cell Biol

6:376–385

Kim DH, Sætrom P, Snøve O, Rossi JJ (2008) MicroRNA-directed transcriptional gene silencing

in mammalian cells. PNAS 105:16230–16235

Krajaejun T, Gauthier GM, Rappleye GA, Sullivan TD, Klein BS (2007) Development and

application of a green fluorescent protein sentinel system for identification of RNA interference

in Balstomyces dermatitidis illuminates the role of septin in morphogenesis and sporulation.

Eukaryot Cell 6:1299–1309

Krishnan MN, Ng A, Sukumaran B, Gilfoy FD, Uchil PD, Sultana H, Brass AL, Adametz R,

Tsui M, Qian F, Montgomery RR, Lev S, Mason PW, Koski RA, Elledge SJ, Xavier RJ,

Agaisse H, Fikrig E (2008) RNA interference screen for human genes associated with West

Nile virus infection. Nature 455:242–245

Laurie JD, Linning R, Bakkeren G (2008) Hallmarks of RNA silencing are found in the smut

fungus Ustilago hordei but not in its close relative Ustilago maydis. Curr Genet 53:49–58
Laverman AM, Zoomer HR, van Verseveld HW, Verhoef HA (2000) Temporal and spatial

variation of nitrogen transformations in a coniferous forest soil. Soil Biol Biochem 32:

1661–1670

Lewis BP, Burge CB, Bartel DP (2005) Conserved seed pairing, often flanked by adenosines,

indicates that thousands of human genes are microRNA targets. Cell 120:15–20

9 RNA Silencing in Ectomycorrhizal Fungi 203



Li WX, Li H, Lu R, Li F, Dus M, Atkinson P, Brydon EW, Johnson KL, Garcı́a-Sastre A, Ball LA,

Palese P, Ding SW (2004) Interferon antagonist proteins of influenza and vaccine virus are

suppressors of RNA silencing. Proc Natl Acad Sci USA 101:1350–1355

Lippman Z, Martienssen R (2004) The role of RNA interference in heterochromatic silencing.

Nature 431:364–370

Liu H, Cottrell T, Pierini LM, GoldmanWE, Doering T (2002) RNA interference in the pathogenic

fungus Cryptococcus neoformans. Genetics 160:463–470
Martin F, Aerts A, Ahren D, Brun A, Danchin EGJ, Duchaussoy F, Gibon J, Kohler A, Lindquist E,

Pereda V, Salamov A, Shapiro HJ, Wuyts J, Blaudez D, Buée M, Brokstein P, Canb€ack B,

Cohen D, Courty PE, Coutinho PM, Delaruelle C, Detter JC, Deveau A, DiFazio S, Duplessis S,

Fraissinet-Tachet L, Lucic E, Frey-Klett P, Fourrey C, Feussner I, Gay G, Grimwood J,
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Chapter 10

Ectomycoremediation: An Eco-Friendly

Technique for the Remediation of Polluted Sites

Heike B€ucking

10.1 Introduction

Estimates of the number of sites vary considerably, but approximately 450,000 to 1

million sites in the United States and 750,000 sites in Europe are suspected or

known to be contaminated with a diverse group of pollutants due to previous

anthropogenic impacts (De Sousa 2001; GAO 2004). Fuel hydrocarbons, poly-

cyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), chlori-

nated aromatic hydrocarbons (CAHs), detergents, and pesticides are the most

dominant organic pollutants in soils. The main inorganic pollutants are heavy

metals, such as cadmium, lead and mercury, nitrates and phosphate, and radio-

nuclides. The United States alone spends annually $6–8 billion and global costs

range between $25 and 50 billion for efforts to remediate contaminated sites (Doty

2008). Costs for the restoration of all contaminated sites in the United States have

been estimated to be approximately $1.7 trillion (Kuiper et al. 2004). Conventional

techniques for the remediation of polluted sites typically include: soil excavation,

transport, washing and extraction, pumping and treating of contaminated water, and

the addition of chemical reactants such as hydrogen peroxide or potassium perman-

ganate, and incineration. However, these techniques are expensive and not always

sufficient, very invasive, and can lead to the release of pollutants into the air or

leaching into the ground water (Kuiper et al. 2004).
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10.2 Phytoremediation: An Alternative Method

for the Remediation of Contaminated Sites

Phytoremediation can represent a sustainable and cost-effective alternative to

conventional remediation technologies, and includes all plant-induced bio-

logical, chemical, and physical processes that contribute to the remediation of

contaminated sites (Cunningham et al. 1996). The following processes can be

distinguished:

l Phytostabilization. Containment of pollutants by reducing the dislocation to

other ecosystem compartments by, for example, mechanical stabilization of

the soil, binding to the plant surface, or by reducing the leaching of pollutants

into aquifers.
l Phytoextraction. Removal of pollutants from the soil by uptake from the envi-

ronment and accumulation in the plant biomass, preferably in the above-ground

plant tissue.
l Phytotransformation. Chemical transformation of pollutants through plant

metabolism, resulting in inactivation, degradation (phytodegradation), or immo-

bilization (phytostabilization) of pollutants.
l Phytovolatilization. Uptake of pollutants from the soil and release into the

atmosphere, sometimes after transformation into a more volatile form.
l Phytostimulation. Increase in biodegradation through the stimulation of micro-

bial communities in the rhizosphere. Since most of the processes that lead to the

degradation of pollutants by plants occur in the rhizosphere and not in the whole

plant per se, the term rhizoremediation is also often used (Meharg and Cairney

2000; Kuiper et al. 2004).

Compared to conventional techniques, phytoremediation has several advan-

tages (1) it is much cheaper on a per volume basis (estimated costs of phyto-

remediation depend on site and pollutant but vary between 10 and 50% of the

costs for conventional techniques; Sadowsky 1999); (2) less secondary waste is

generated, and instead a useful product, such as wood, pulp, or bioenergy can be

produced; (3) it retains the top soil and is noninvasive; and (4) it has a high

public acceptance. Phytoremediation is suitable for large contaminated sites

with low-to-moderate pollutant concentration particularly in top layers of the

soil. However, polluted sites are often contaminated with a mixture of various

problematic compounds, and the low nutrient availability and poor soil structure

of, e.g., former industrial sites can prevent a successful establishment of plants

(Meharg and Cairney 2000). Phytoremediation is generally slower than conven-

tional practices, and it is not without environmental implications, since pollu-

tants can get integrated into the wild-life food chains via the plant, and/or toxic

intermediates can be formed by incomplete degradation pathways (Trapp and

Karlson 2000).
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10.3 Ectomycorrhizal Associations and Their Significance

for Phytoremediation

Numerous studies have shown that plants can successfully be used for the remedia-

tion of soils contaminated with a variety of pollutants, such as salts, agrochemicals,

nitroaromatics, chlorinated compounds, heavy metals, and hydrocarbons (Tsao

2003). Particularly, fast growing trees, such as Populus and Salix, are promising

candidates for phytoremediation or dendroremediation (the remediation of polluted

sites by trees, Komives and Gullner 2006) due to their deep root system, and their

high biomass production and transpiration activity (Tlustoš et al. 2006). Laureysens

et al. (2004), who examined the biomass production of 17 poplar clones on a waste

disposal site, found an annual biomass production of up to 11.4 t ha�1. For both

plant species transpiration rates of approximately 100 l water per day have been

reported (Wullschleger et al. 1998).

However, the majority of tree species that have been considered as potential

candidates for phytoremediation live naturally in symbiosis with ectomycorrhizal

(ECM) and/or arbuscular mycorrhizal (AM) fungi (Smith and Read 2008). For

instance, Populus that has extensively been studied for its suitability in phyto-

remediation also due to its accessibility for genetic engineering (e.g., Rugh et al.

1998; Doty et al. 2007) forms ECM interactions with more than 60 different fungal

species, and some of these fungi have been shown to increase the growth of poplar

seedlings by more than 400% (Cripps 2003). Under natural conditions, more than

60–80% of the root systems of poplar and willow, respectively, are colonized with

ECM fungi. Additionally, approximately 10% of the root system is colonized with

AM fungi (van der Heijden and Vosatka 1999; Kaldorf et al. 2002; Becerra et al.

2009).

Mycorrhizal fungi play a key role in nutrient cycling and ecosystem functioning

and have a profound effect on the composition of plant and microbial communities

and thereby also on the capability of these communities to degrade anthropogenic

pollutants. ECM fungi enhance the uptake of phosphate (P) and nitrogen (N), and

can also contribute to the supply of the host with trace elements, such as copper

(Cu) and zinc (Zn) (Smith and Read 2008). Furthermore, mycorrhizal plants have a

higher resistance against abiotic (e.g., drought, heavy metals) and biotic (plant

pathogens) stresses (Smith and Read 2008). In return, for these beneficial effects on

nutrient uptake and stress resistance, the plant transfers between 10% and 20% of its

photosynthetically fixed carbon to the fungus (Finlay and S€oderstr€om 1992).

However, despite the widely acknowledged significance of ECM fungi for plant

growth, fitness and community composition particularly in difficult environments,

their contribution to phytoremediation processes has so far often been ignored.

The capability of tree species, such as Populus and Salix, to remediate contami-

nated soils has extensively been studied (for review see, e.g., Pulford and Watson

2003; Tlustoš et al. 2006), but the contribution of their ECM communities to the

observed degradation processes has only rarely been examined (e.g., Sell et al.

2005). ECM fungi have been shown to degrade a variety of environmentally
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important organic pollutants, such as 2,4-dichlorophenol (Meharg et al. 1997b),

2,4,6-trinitrotoluene (Scheibner et al. 1997), PCB (Donnelly and Fletcher 1995),

4-fluorobiphenyl (Green et al. 1999), and some PAHs (Braun-L€ullemann et al.

1999) and the capability to degrade organic pollutants seems to be relatively

common for this group of fungi. Meharg and Cairney (2000), for example, screened

different ECM fungal species for their capability to degrade various classes of

organic pollutants (e.g., PAHs, PCB) and found that 33 out of 42 species were able

to degrade one or more classes of these contaminants. However, most of these

studies were performed under pure culture conditions (e.g., Meharg et al. 1997b;

Gramss et al. 1999) that do not necessarily reflect the capability of the fungus to

degrade recalcitrant compounds in the symbiotic stage under field conditions

(Meharg et al. 1997a; Dittmann et al. 2002). However, it is crucial to consider

both, plant and fungus, as one unit, and to assess the capability of plants and fungi to

degrade xenobiotics in the symbiotic stage to use both partners to their full potential

for the remediation of polluted sites. This is important for the following reasons:

l Mycorrhizal fungi are ubiquitous in the soil and plants are under natural condi-

tions normally associated with mycorrhizal fungi. However, the colonization

with ECM fungi can have a synergistic (Meharg et al. 1997a; Sell et al. 2005),

but also an antagonistic effect (Genney et al. 2004; Koivula et al. 2004; Joner

et al. 2006; Gunderson et al. 2007) on the capability of the plant to remediate

polluted sites.
l ECM roots represent the major portion of the nutrient-absorbing surface area in

tree roots (Taylor and Peterson 2000), and thereby also of the root system that is

potentially able to absorb and to extract pollutants from the soil. The fungal

sheath of ECM roots represents for ions a significant apoplastic barrier (B€ucking
et al. 2002), and can be expected to restrict the movement of larger molecules,

such as PAHs, into the root cortex. In the symbiotic stage, the nutrient uptake by

the host is mainly controlled and regulated by the mycorrhizal fungus (Smith and

Read 2008), and this can increase or reduce the bioavailability of the pollutant

for the host (Sell et al. 2005; Gunderson et al. 2007).
l The interaction of a host plant with a mycorrhizal fungus has a much stronger

impact on the whole plant physiology than previously suggested. Additionally,

to the positive effects on nutrient uptake and biotic and abiotic stress resistance,

the symbiosis affects, for example, the photosynthetic activity, transpiration,

stomatal conductance, carbon allocation, and N metabolism of the host (Smith

and Read 2008).
l The symbiosis with a host plant changes the physiology of the mycorrhizal

fungus and could, for example, affect the expression of degrading enzymes

(Meharg and Cairney 2000). In the symbiosis the fungus receives carbon from

its host, and this could potentially improve the degradation rate by an increase in

the fungal biomass, but could also reduce the degradation rate, because the more

readily available substrates are generally preferred (Joner and Leyval 2003).
l Approximately 8,000 plant species and 7,000–10,000 fungal species form ECM

associations (Taylor and Alexander 2005), but only a small fraction of potential
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plant/fungal interactions has been tested so far. However, there is a considerable

physiological diversity between individual plant and fungal species and also

between different ECM plant/fungal associations (e.g., Sell et al. 2005), and the

potential degradation rate of these systems is also dependent on the pollutant, its

concentration, and the environmental conditions (e.g., soil characteristics, nutri-

ent availability).
l So far, it has been difficult to translate remediation strategies that have been

proven to be successful under laboratory or greenhouse conditions to the field

and commercialization. Gerhardt et al. (2009) suggested that this is due to

additional stress factors for the plant, or to inadequate methods to analyze

remediation under field conditions. Discrepancies between the degradation

rates under laboratory and under field conditions can be the result of many

different factors, for example, soil characteristics that affect the bioavailability

or weathering of soil pollutants. However, it is also possible that mycorrhizal

communities play a much greater role, and that experiments with nonmycor-

rhizal plants or plants that are only colonized with one ECM partner do not

reflect root systems under field conditions that are colonized on a very small

spatial scale with different taxa and species of ECM fungi. Goodman and

Trofymow (1998) identified, for example, 35 different ECM morphotypes in

3 l of soil from a mature spruce stand.
l ECM fungi influence both plant and microbial communities in the soil (Finlay

2008), and this will also have an effect on the capability of these communities to

remediate polluted soils. Both symbiotic partners interact in the soil with a

variety of microorganisms, and it has been suggested that the diverse microbial

communities in the rhizosphere or mycorrhizosphere have a much greater

impact on biodegradation of organic pollutants than the plant (Heinonsalo

et al. 2000).

For the successful application of ECM plants for the phytoremediation of pol-

luted sites, several interrelated factors need to be considered, including the proper-

ties, concentration, distribution, bioavailability, and toxicity of the pollutant; soil

characteristics such as water and nutrient availability; the effect of the ECM system

on the activity of microbial communities in rhizosphere and mycorrhizosphere; and

the activity of both partners to degrade pollutants in the symbiotic stage.

10.3.1 The Contribution of Rhizosphere
and Ectomycorrhizosphere to Bioremediation

The root rhizosphere with its stimulating effect on microbial activities has often

been described as the main contributor to the phytoremediation of contaminated

sites. Wang et al. (2008), for example, reported that in the rhizosphere three to four

times more petroleum hydrocarbon (PHC) was degraded than in unplanted soil, and

similar effects have also been observed for other pollutants (e.g., Gunderson et al.
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2007). However, the mechanisms that cause a stimulation of degradation in the

rhizosphere are complex and only poorly understood. Putative explanations include

(1) the direct degradation by plant-derived enzymes; (2) the stimulation of micro-

bial activity and changes in the microbial community composition due to root

exudates; (3) the release of metabolic precursors, for example, phenolics, that

induce the activity of enzymes that degrade pollutants; and (4) the establishment

of environmental conditions that stimulate degradation (e.g., pH, O2/CO2 concen-

tration, and osmotic potential) (Joner and Leyval 2003).

Plant roots release approximately 10–20% of their photosynthetically fixed

carbon into the rhizosphere (Bais et al. 2006; Haichar et al. 2008), and the secreted

organic compounds, such as sugars, sugar alcohols, amino acids, fatty acids, and

proteins represent a significant carbon source and promote microbial proliferation

and diversity in the rhizosphere. Root exudates have also been shown to shape the

microbial community composition and its capability to degrade recalcitrant com-

pounds. For instance, phenolic compounds in root exudates stimulate the microbial

degradation of PCBs in the rhizosphere by serving as growth substrates for PCB-

degrading bacteria and/or as inducer of the PCB-degradation pathway (Donnelly

et al. 1994; Gilbert and Crowley 1997). Similar effects were also shown for the

biodegradation of PAHs, such as naphthalene. The expression of naphthalene

dioxygenase in Pseudomonas fluorescens was differentially regulated in response

to different root exudate compounds, and the higher overall expression when root

exudates were available resulted in increased naphthalene-degradation rates in the

root rhizosphere (Kamath et al. 2004).

The plant rhizosphere has also been discussed as a potential way to introduce and

to stabilize communities of genetically engineered microorganisms in the soil that

could carry or transfer degradation genes to indigenous microbial communities

(“bioaugmentation”; Sarand et al. 1998, 1999). Without the positive effect of the

root rhizosphere, the number of introduced degrading microorganisms often

decreases shortly after inoculation, due to competition with indigenous microbial

communities for limited nutrient resources, antagonistic interactions, and other

stresses (Gentry et al. 2004).

However, the mycorrhizosphere represents in most soils an even larger surface

for the establishment of microbial communities than the rhizosphere. The extra-

radical mycelium acts as an extension of the root system and creates a large

interface between hyphae and soil, the mycorrhizosphere that can be defined as

“the zone of soil where the physical, chemical and microbiological processes are

influenced by plant roots and their associated mycorrhizal fungi” (Giri et al. 2005).

Rousseau et al. (1994) estimated, for example, that the extraradical mycelium of

Pisolithus tinctorius represents 99% of the nutrient-absorbing surface length of pine

roots. Mycorrhizal fungi and their extraradical mycelium represent a main part of

the microbial biomass particularly in the top soil, and the fungal biomass in the soil

can reach 700–900 kg ha�1 (Wallander et al. 2001) and accounts for at least 32% of

the total microbial biomass (H€ogberg and H€ogberg 2002).

Ectomycorrhizal fungi are part of complex microbial communities in the soil,

and the interactions between the diverse members of this community can be
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synergistic, competitive, or antagonistic depending on the species and the soil

conditions. The presence of an ECM fungus leads to quantitative and qualitative

changes in the microbial community composition (Heinonsalo et al. 2004; Assi-

betse et al. 2005) and can result in a shift towards catabolic microbial communities,

and this could also result in changes in the capability of these communities to

degrade pollutants in the soil. ECM roots and the extraradical mycelium are major

sinks for photosynthetically fixed carbon in mycorrhizal root systems and it has

been shown that the quantity and quality of root exudates is altered in response to

ECM colonization. Rygiewicz and Anderson (1994) found that mycorrhizal plants

transfer 23% more carbon from the shoot into the root and that more carbon is

allocated into pools with a higher turnover rate.

Fungal hyphae and the extraradical mycelium release energy-rich compounds

into the mycorrhizosphere and can act as conduit and provide carbon sources to

heterotrophic bacterial and microbial communities and their metabolic activities in

larger distance from the root (Heinonsalo et al. 2004; Finlay 2008). Olsson and

Wallander (1998) reported that the microbial activity in the soil near to mycorrhizal

roots and also in further distance from the root is higher than in noncolonized root

systems. Heinonsalo et al. (2000) examined the bacterial density in different

compartments in microcosms with a petroleum-contaminated soil and found the

lowest number of bacteria in the bulk soil. The rhizosphere and mycorrhizosphere

supported a higher number of bacterial cells and the bacterial density was 4–5 times

higher in the mycorrhizosphere than in the rhizosphere. The mycorrhizosphere

provides an ecological niche and nutritionally favorable conditions for diverse

microbial communities, and transmission electron microscopy of ECM hyphae

from PHC-contaminated soils revealed a microbial biofilm at the soil/fungal inter-

face. Isolates from these communities were able to grow on m-toluate and m-xylene
(two intermediates of BTEX degradation) as sole carbon source and contained

plasmids with marker genes involved in the degradation of mono-aromatics (Sarand

et al. 1998). Sarand et al. (1999) were able to establish in the mycorrhizosphere of

Scots pine and the ECM fungus Suillus bovinus, communities of a Pseudomonas
fluorescens isolate carrying the TOL plasmid pWW0 that encodes enzymes for the

degradation of toluene, p- and m-xylenes, and m-toluate. Plant and fungus alone

were not able to degrade m-toluate, but the bacteria with the catabolic plasmid were

able to degrade this pollutant in the mycorrhizosphere. Free-living microbial com-

munities may act in concert with ECM fungi and facilitate the degradation of

recalcitrant soil pollutants (Sarand et al. 1999; Meharg and Cairney 2000). The

partial degradation of persistent aromatic pollutants by ECM fungi could also

provide intermediate products that can be further broken down by microbial com-

munities in the mycorrhizosphere (Cairney and Meharg 2002).

The ECM colonization can lead not only to quantitative but also qualitative

changes in the bacterial community composition and the competition for limited

soil nutrients, or the biosynthesis of antibiotics by ECM fungi, can also result

in a decrease of the microbial activity in the mycorrhizosphere (Olsson et al.

1996). Assibetse et al. (2005) examined the impact of the ECM fungus Pisolithus
albus on the bacterial community composition in the mycorrhizosphere of Acacia
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auriculiformis and found that the number of actinomycetes was reduced in ECM

root systems. Such antagonistic effects of ECM systems on microbial diversity in

the mycorrhizosphere could potentially also reduce the capability of these commu-

nities to degrade recalcitrant compounds. Saprophytic actinomycetes are involved

in the breakdown of complex biopolymers, such as lignin, hemicelluloses, pectin,

and chitin and have also been shown to be able to degrade recalcitrant pollutants

such as pesticides (De Schrijver and De Mot 1999), hydrocarbons (McCarthy and

Williams 1992), and 1,4-dioxane (Mahendra and Alvarez-Cohen 2005).

10.3.2 Ectomycoremediation of Organic Xenobiotics

White rot fungi (WRF), such as Phanerochaete chrysosporium or Trametes versi-
color, or other saprophytic fungi have often been studied for their potential to

degrade recalcitrant organic pollutants in soils. These saprophytic basidiomycetes

are characterized by their production of extracellular lignin- and humic acid-

degrading enzymes, such as lignin peroxidase, manganese peroxidase, and laccase,

that lack specificity for particular substrates and have been shown to attack a variety

of other compounds, including xenobiotics, such as lindane, benzo(a)-pyrene, and

dichlorodiphenyltrichloroethane (DDT) (Majcherczyk et al. 1993).

ECM fungi play a key role for nutrient cycling in boreal and temperate forest

ecosystems and are also able to utilize complex organic molecules as a source for

reduced carbon (Durall et al. 1994) or other nutrients such as nitrogen or phosphate

(Perez-Moreno and Read 2000). Similar to WRF, ECM fungi also produce a variety

of ligninolytic or cell wall-degrading enzymes (for review see Read and Perez-

Moreno 2003) that could also enable them to metabolize recalcitrant organic

pollutants with structural similarities to lignin, such as PAHs, PCBs, 2,4,6-trinitro-

toluene (TNT), or DDT.

The genes encoding a lignin peroxidase and manganese peroxidase have already

been identified in different orders of ECM fungi, and also a partial laccase sequence

has been described (Chen et al. 2001; Ramesh et al. 2008). This seems to indicate

that the evolutionary relationship between ECM fungi and other saprophytic fungi

is much closer and that a clear distinction into the two different functional groups of

symbiotic or saprophytic fungi is not as clear as previously been suggested (Chen

et al. 2001). However, the activity of ligninolytic enzymes or other phenol oxidiz-

ing enzymes, such as tyrosinase, catechol oxidase, or ascorbate oxidase in ECM

roots or mycelium has mainly been detected in nonsterile soils (e.g., Bending and

Read 1997; Timonen and Sen 1998) and could also have been the result of the

microbial activity of the rhizosphere or mycorrhizosphere.

The ligninolytic and facultative saprophytic lifestyle of ECM fungi is currently

under debate (Baldrian 2009) and it is not clear whether these enzymes will also be

expressed in the symbiotic stage, when the ECM fungus is supplied with carbon by

its host. WRF or ericoid fungi are generally more effective in degrading lignin or

phenolic compounds (Haselwandter et al. 1990; Bending and Read 1997), and
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facultative ECM fungi have been shown to have a higher activity than obligate

ECM fungi (Haselwandter et al. 1990). Recent results of Cullings et al. (2008)

indicate that the enzymatic activity of ECM fungi will be affected in the symbiotic

stage. They found that the ECM fungus Suillus granulatus expressed D-glucosidase,

laccase, manganese peroxidase, lignin peroxidase, and protease in symbiosis with

Pinus contorta, and that the activity increased when the photosynthetic capacity of

the host was reduced by partial defoliation. Similar effects of the carbon supply on

the enzymatic activity have also been reported during tree bud break, when the

carbon flux to the mycorrhizal fungus is reduced (Courty et al. 2007).

However, even if ECM fungi have in the symbiotic stage a lower activity of

ligninolytic or phenol oxidizing enzymes than WRF or other wood and straw-

degrading basidiomyetes, the activity of these enzymes may still enable ECM

fungi to successfully degrade organic pollutants in the soil. The sustainability of

ECM fungi in soils may still favor their use in bioremediation over WRF, which are

generally nonedaphic living organisms and require exogenous carbon sources to

facilitate remediation.

10.3.2.1 Petroleum Hydrocarbons

Petroleum hydrocarbons (PHCs) are complex mixtures of numerous alicyclic,

aliphatic, and aromatic compounds and mainly contain paraffins, aromatics,

naphthenics, asphaltenes, and heavy metals in different proportions. Although the

toxicity of individual compounds is known, it is extremely difficult to assess the

toxicity of PHCs, because the chemical composition varies considerably, and our

knowledge about additive, synergistic, or antagonistic effects of the various com-

pounds is limited (Robertson et al. 2007). The inconsistent composition also makes

general statements about potential strategies to remediate contaminated soils

extremely difficult and may have also been the reason why the described effects

of ECM fungi on PHC degradation are inconsistent (see below). An incomplete

biotransformation of PHCs can also lead to potentially toxic metabolites that further

limit the capability of plants, fungi, and other microorganisms to degrade PHCs and

its refined products (Robertson et al. 2007).

PHC contaminations in the soil often cause a decrease in the number of indige-

nous bacteria, followed later by an increase in the number of bacterial species that

can use PHCs as carbon source. Fungi are generally more tolerant to PHCs than

bacteria (Robertson et al. 2007), but ECM fungi differ in their sensitivity. In liquid

cultures, the growth of some ECM fungi is reduced or completely inhibited by

increasing crude oil concentrations, while the growth of other species is stimulated

(Nicolotti and Egli 1998). Crude oil up to a concentration of 50 g kg�1 did not have

an effect on the ECM colonization of Populus and only slightly reduced the ECM

colonization of spruce after a longer exposure (Nicolotti and Egli 1998). Diesel oil

also did not affect the ECM colonization of Populus (Gunderson et al. 2007).

However, changes in the ECM community composition after exposure to PHCs

have been observed (Nicolotti and Egli 1998).
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By contrast, PHCs can significantly reduce the germination and growth of plants

(Nicolotti and Egli 1998; Choi et al. 2005), but the colonization with ECM fungi

can increase the resistance of plants against PHCs. Gunderson et al. (2007) sug-

gested that the positive effect of ECM associations on plant resistance is mainly due

to a better supply with P and N, because the nutrient uptake is often reduced in soils

that are contaminated with hydrocarbons. Despite the positive effect of ECM fungi

on plant growth, the ECM colonization can reduce the capability of plants to

remediate soils that are contaminated with PHCs. The presence of nonmycorrhizal

hybrid poplars led to a significant degradation of diesel oil, but the effect of

mycorrhizal plants was significantly lower (Gunderson et al. 2007). Instead, three

times more PHC was accumulated in mycorrhizal roots, and it has been suggested

that PHCs could get absorbed by hydrophobins in the fungal sheath (Gunderson

et al. 2007). Hydrophobins are fungal cell wall proteins that are involved in cell-to-

cell-surface contact in fungal mycelia and can reduce the apoplastic permeability of

the fungal sheath (B€ucking et al. 2002), and thereby could also reduce the bioavail-
ability of PHCs for the mycorrhizal host plant. Antagonistic effects of ECM pine

and beech seedlings on the degradation of PHCs have also been described by

Vavrek et al. (2001) and could have also been caused by the competition of ECM

plants and microbial communities for limited soil nutrients (the bioavailability

of phosphate, potassium, calcium, and magnesium in the used soil was low). By

contrast, in forest humus ECM Scots pine seedlings were able to stimulate the

degradation of PHCs. The higher degradation was correlated to increases in the

microbial population and changes in the carbon source utilization patterns of

microbial communities in the mycorrhizosphere (Heinonsalo et al. 2000). The

mycorrhizosphere in PHC-contaminated soil has been shown to support morpho-

logically diverse bacterial populations and microbial biofilms. Isolated bacteria of

these biofilms were able to use m-toluate and m-xylene as sole carbon source and

expressed marker genes that are involved in the degradation of mono-aromatics

(Sarand et al. 1998).

10.3.2.2 Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous pollutants that represent

an important risk to the environment and human health (Kuiper et al. 2004; Koivula

et al. 2004). PAHs consist of a diverse group of organic molecules with a wide

range of chemical properties (number of aromatic rings, molecular weight, and

structural configuration), water solubility, and volatility. Particularly, higher-ringed

PAHs are recalcitrant to degradation and include toxic, mutagenic, teratogenic, and

carcinogenic compounds. PAH contaminations of the soil are mainly the result of

leakage from old storage tanks or natural oil reservoirs, oil spills, road surfaces,

domestic waste, incomplete fossil fuel combustion, former gas plant facilities, and

tanker accidents (Morgan and Watkinson 1989).

A wide variety of bacteria, fungi, and algae can degrade and utilize PAHs as a

catabolic carbon source through ring fission. Gramss et al. (1999) tested the ability
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of 58 fungi, including 22 ECM fungi and other wood- and straw-degrading,

terricolous, and mitosporic fungi to degrade the PAHs phenanthrene, anthracene,

fluronthene, pyrene, and perylene in liquid cultures. The capability of ECM fungi to

degrade PAHs was generally lower than for wood- and straw-degrading basidio-

mycetes, but the majority of ECM fungi was able to degrade at least four or all of

the tested PAHs to a certain degree. Hebeloma crustuliniforme, H. hienale, and
Lactarius deliciosus showed the highest removal rates of the examined ECM fungi,

and their degradation rates were comparable to rates that have been observed for

wood- and straw-degrading fungi (Gramss et al. 1999). This also confirms the

results of Braun-L€ullemann et al. (1999), who tested the capability of 27 ECM

strains from 16 different species to degrade benzo(a)pyrene, phenanthrene, pyrene,
and chrysene and found that the majority of ECM fungal species were able to

degrade these pollutants (70% of the fungal species degraded phenanthrene, 65% of

the species pyrene). There were species- and strain-specific differences in the

capability of different ECM fungi, but the degradation potential was independent

of the condensation grade and the number of aromatic rings of the compound. The

degradation, however, was dependent on the nutrient supply. A strain of Suillus
grevillei metabolized more than 50% of the supplied benzo(a)pyrene, phenan-
threne, and pyrene in a nitrogen-depleted medium, but showed no degradation in

a nitrogen-supplied medium (Braun-L€ullemann et al. 1999).

The described activities, however, were measured under controlled conditions in

pure culture experiments (Braun-L€ullemann et al. 1999; Gramss et al. 1999), but the

degradation rates in the soil will vary considerably from those in liquid cultures due

to the adsorption to the soil matrix and the low water solubility particularly of PAHs

with a high number of fused rings (Kuiper et al. 2004). Koivula et al. (2004) found

no positive effect of Scots pine and the ECM fungus Paxillus involutus on the

mineralization of pyrene in microcosms with forest humus, and the degradation was

rather reduced by the plant and the ECM fungus. The same fungal species was able

to degrade pyrene under pure culture conditions (Gramss et al. 1999). A reduction

in the degradation of PAHs by plants and their associated ECM communities has

also been observed by Genney et al. (2004) and Joner et al. (2006). Genney et al.

(2004) reported that ECM pine seedlings had no effect on the mineralization of

naphthalene, but reduced the degradation of fluorene by 35% compared to non-

planted microcosms. Instead, both ECM fungi metabolized fluorine to the dead-end

products, 9-fluorenone and 9-hydroxyfluorene, which can themselves cause pro-

blems and could be responsible for the overall lower mineralization rate of fluorene

in the microcosms with ECM plants. A reduced degradation of anthracene, anthra-

quinone, chrysene, and dibenz (a,b)anthracene was also found in the ectomycor-

rhizosphere of Suillus bovinus and may have been the result of a reduced microbial

activity due to the competition for limited nutrients. The microbial degradation of

PAHs has been shown to be dependent on the nutrient supply conditions (Joner

et al. 2002). Also the capability of plants to extract PAHs from the soil can be

affected by a mycorrhizal association. Binet et al. (2000) demonstrated that the

colonization of ryegrass with the AM fungusGlomus mosseae reduced the transport
of PAHs to the shoot, but increased the adsorption to the root system.
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10.3.2.3 Nitro-aromatics

Former production and assembly sites for explosives and ammunition during World

War II are still heavily contaminated with nitro-aromatics such as 2,4,6-trinitrotol-

uene (TNT). The contamination is often heterogeneously distributed in the soil

(Scheibner et al. 1997; Koehler et al. 2002) and the removal of the recalcitrant

xenobiotic TNT has been declared by environmental agencies to an urgent priority

due to its toxicity and its mutagenic impacts. Several ECM fungi have been

tested for their potential to degrade TNT, and the capability to reduce TNT to

aminodinitrotoluenes seems to be a ubiquitous pathway among all ecological and

taxonomic groups of fungi. Based on their observation that especially litter and

wood-degrading fungi showed a high potential to mineralize TNT, Scheibner

et al. (1997) suggested that ligninolytic enzymes (see above) could play a key

role for the mineralization process. By contrast, Meharg et al. (1997b) assumed that

ligninolytic enzymes are not involved in the initial stages of TNT degradation and

that TNT could be reduced via the redox potential at the ECM fungal plasma

membrane. The capability of plants to remediate TNT-contaminated soils depends

on the plant species (Koehler et al. 2002; Schoenmuth and Pestemer 2004), but it

has been shown that the capability of Populus can be increased by the colonization

with an unidentified ECM fungus (presumably Hebeloma sp.) and that the mineral-

ization rate of these ECM systems was higher than for WRF (Dobner 2003). When
14C-labeled TNT was supplied to the root system, only a small proportion was

transferred to the shoot, and the accumulation into the root biomass did not differ

between mycorrhizal and nonmycorrhizal roots (Dobner 2003). This indicates that

in these microcosm experiments, ECM fungi were able to facilitate the mineraliza-

tion of TNT. However, a similar stimulation in TNT degradation by ECM plants

could not be confirmed by in situ experiments at a former TNT production

site, presumably because the TNT was heterogeneously distributed in the soil

(Dobner 2003).

10.3.2.4 Chlorinated Aromatic Hydrocarbons

Chlorinated aromatic hydrocarbons (CAHs) are highly toxic and represent a major

group of chemicals responsible for the pollution of soils. CAHs, such as chloro-

phenols, chlorobenzenes, chloronitrobenzenes, chloroaniline, and PCBs, are highly

resistant to degradation and can bioaccumulate in human and animal tissue. Many

CAHs have commonly been used as herbicides (e.g., atrazine, 2,4-dichlorophenoxy-

acetic acid or 2,4-D), or as dielectric or hydraulic fluids (PCBs) due to their

chemical and thermal stability. PCBs are considered the most widespread pollutant

on the planet, and were banned in most countries in 1979 (Mackova et al. 2006).

Plants, ECM fungi, ericoid mycorrhizal fungi, and saprophytic wood-degrading

fungi have been shown to degrade a variety of different CAHs, such as atrazine or

2,4-D. The degradation rate depended on the compound, its concentration, the

nutrient availability, and the plant and fungal species, but there was no difference
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between saprophytic or symbiotic fungi (Donnelly et al. 1993; Dittmann et al. 2002;

Mackova et al. 2006). Generally, ECM basidiomycetes have a lower capability to

degrade CAHs than WRF or ericoid mycorrhizal fungi (Donnelly et al. 1993;

Dittmann et al. 2002), but the degradation rate of ECM fungi for certain compounds

and concentration ranges is comparable to that of WRF. Donnelly and Fletcher

(1995) screened 21 ECM fungi for their capability to degrade various PCB con-

geners and found that 14 ECM fungi were able to metabolize various PCBs and that

the lower chlorinated congoners were more easily degradable than the higher

chlorinated congoners. The ECM fungus Radiigera atrogleba degraded seven out

of 19 PCB congeners, whereas Phanerochaete chrysosporium, a model organism

for xenobiotic biodegradation studies, only metabolized three out of the 19 con-

geners (Donnelly and Fletcher 1995). The capability of ECM fungi to degrade

CAHs seems to increase when the ECM fungus is in symbiosis with its host

plant. Dittmann et al. (2002) found that Suillus bovinus was not able to degrade

3-chlorobenzoic acid (3-CBA) in pure cultures, but that mycorrhizal pines had a

limited potential to degrade 3-CBA in microcosm experiments. Since the mycor-

rhizal plants were not continuously kept under sterile conditions, the reported

increased degradation in the symbiotic stage could also be the result of microbial

activity in the ectomycorrhizosphere. However, similar effects have also been

reported by Meharg et al. (1997a), who found that the mineralization of 2,4-D by

Paxillus involutus and Suillus variegatus was significantly higher in symbiosis than

under pure culture conditions (these mycorrhizal systems were cultured under

sterile conditions).

A large percentage of the removal of CAHs from the soil matrix by mycorrhizal

systems is not the result of mineralization but also of incorporation into the fungal

and plant biomass (Donnelly et al. 1993; Meharg et al. 1997a; Schnabel and White

2001; Huang et al. 2007). For instance, Meharg et al. (1997a) found that 40% of the

supplied 2,4-D was incorporated into the fungal biomass and not mineralized.

However, incorporation into the fungal biomass would still contribute to a phyto-

stabilization of CAHs in the ectomycorrhizosphere and would thereby also make

CAHs accessible for further microbial degradation. Dittmann et al. (2002) showed

that 3-CBA is not only incorporated into the ECM fungal sheath, but also taken up

and transferred via the stele to the needles. The transport to the above-ground plant

part could contribute to CAH removal from the soil by phytoextraction.

10.3.3 Ectomycoremediation of Heavy Metals

The contamination of soils with the nonradioactive metals arsenic (As), cadmium

(Cd), copper (Cu), mercury (Hg), lead (Pb), and zinc (Zn) and the radioactive

metals strontium (Sr), caesium (Cs), and uranium (U) represents a major environ-

mental and human health problem (Raskin et al. 1997).

Suitable plant species for the phytoremediation of these sites should be able to

extract and to tolerate high heavy metal concentrations and should accumulate these
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metals mainly in their shoot (phytoextraction). However, plants often accumulate

heavy metals in their root system to protect the shoot from toxic heavy metal

concentrations (B€ucking and Heyser 1994). This is the reason why in the past,

studies on the phytoremediation of heavy metal-contaminated soils were mainly

conducted with hyperaccumulating plants, such as Thlaspi caerulescens, which are
able to tolerate and to concentrate high heavy metal concentrations in the shoot

(Robinson et al. 1998). However, the small biomass development of these species

significantly reduces their potential to extract significant amounts of heavy metals

from contaminated soils. Fast growing trees, such as Populus and Salix, could
potentially be used for the phytoremediation of these sites, because (1) both are

known to naturally colonize areas with high metal soil concentrations such as active

and inactive smelter sites (Cripps 2003), (2) they are genetically transformable

(Doty 2008), and (3) the high biomass development can compensate for the

moderate heavy metal concentrations in the shoot (Pulford and Watson 2003;

Tlustoš et al. 2006).

Depending on the conditions, the utilization of mycorrhizal systems can assist

the phytoremediation of heavy metal polluted soils by the positive effect of ECM

fungi on plant tolerance, but could also limit the plants ability to extract heavy

metals from the soil by reducing the uptake and the transfer into the shoot. The

colonization of tree species with ECM fungi is often essential for the reforestation

of old mine sites, because ECM fungi are able to ameliorate the toxicity of heavy

metals (Marx 1975). On the other hand, ECM fungi have been shown to enhance the

uptake of metals by plants particularly when the exogenous supply is low (Colpaert

and Van Assche 1992), but can also reduce the uptake into the plant and the

transport into the shoot when the external supply is high (B€ucking and Heyser

1994; Krznaric et al. 2009). Several mechanisms have been described to be

involved in the reduced heavy metal uptake of ECM plants (1) the larger

cell wall surface that can bind heavy metals, (2) the filter function of the fungal

sheath that restricts the apoplastic movement of heavy metals into the root

cortex, (3) the extracellular precipitation of heavy metals, and (4) the intracellular

chelation and compartmentation with, e.g., polyphosphates in the fungal vacuole

(Hartley et al. 1997).

Whether ECM fungi are able to contribute to the phytoextraction of heavy

metals from the soil despite their widely accepted effect on plant tolerance and

uptake depends on the heavy metal, and the fungal and plant species involved. For

instance, Sell et al. (2005) showed that by the ECM colonization with Paxillus
involutus, the capability of Populus canadensis to extract Cd was increased, but that
the same fungus had no effect on the Cd uptake by Salix viminalis. The effect of P.
involutus on metal uptake and distribution in Salix varied depending on the fungal

strain and its adaptation to heavy metals (Baum et al. 2006). However, the twofold

increase in the capability of mycorrhizal Populus to extract Cd from the soil would

substantially increase the potential of the plant to remove this metal from polluted

soils (Sell et al. 2005).

Zimmer et al. (2009) showed that an ECM fungus can simultaneously increase

the heavy metal tolerance of the plant and the accumulation of heavy metals in the
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plant biomass. An ECM colonization of Salix viminalis � caprea with Hebeloma
crustuliniforme resulted in an increase in the plant biomass under metal stress, and

increased the Cd and Zn accumulation in the stems. Interestingly, a dual inoculation

of the root system with the bacterial strains Micrococcus luteus and Sphingomonas
sp. 23L can further increase the effect of the ECM fungus on heavy metal accumu-

lation (Zimmer et al. 2009). The increase by a factor of 4.7 and 3.4 for the Cd and

Zn accumulation in the stem, respectively, suggests that a combination of ECM

fungi and associated bacteria may represent a promising approach to increase the

capability of plants to extract heavy metals from the soil. The bacteria could

facilitate the ECM colonization (mycorrhiza helper bacteria) or could increase the

bioavailability of heavy metals for the mycorrhizal plant.

Two thousand fungal strains belonging to 98 genera of fungi have been isolated

from the Chernobyl Atomic Energy Station after its nuclear accident in 1986. Some

isolates showed a growth promotion when exposed to ionizing radiation, and the

hyphal growth was directed towards the radiation source (Zhdanova et al. 2004). By

contrast, control isolates were inhibited or showed no response when exposed to

ionizing radiation (Tugay et al. 2006). Particularly ECM basidiomycetes accumu-

late or hyperaccumulate radionuclides in their fruitbodies, and a directed growth

would allow them to absorb radionuclides from radioactive hotspots in the soil.

Fruitbodies are mainly formed when the fungus is in symbiosis with its host

plant and could be collected from the site to extract radionuclides from the soil.

However, the potential consumption of these fruitbodies by animals or humans also

poses a substantial risk and could transfer these radionuclides into the food chain

(Gray 1998).

10.4 Conclusions

So far, studies about the role of ECM fungi in phytoremediation have mainly

focused on their effect on plant tolerance against environmental stresses and on

recultivation of polluted sites to prevent soil erosion. The impact of ECM commu-

nities on the capability of plants to remediate contaminated sites has only rarely

been studied, and our current understanding of the potential of ECM fungi to

degrade recalcitrant xenobiotics and to facilitate ectomycoremediation is mainly

based on the results of pure culture or microcosm experiments that do not neces-

sarily reflect the potential of ECM communities to degrade pollutants. ECM fungi

can play a key role in the application of woody plant species for the remediation of

polluted sites, based on their ubiquitous nature in soils, their positive effect on

abiotic stress resistance, their impact on microbial and plant communities, and their

capability to degrade recalcitrant xenobiotics. ECM fungi can stimulate the ability

of plants and of microbial communities in the mycorrhizosphere to degrade organic

pollutants (Meharg et al. 1997a; Sell et al. 2005), but can also have an antagonistic

effect on soil remediation (Genney et al. 2004; Joner et al. 2006). And while for

certain pollutants, consistently higher degradation rates by ECM systems were
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found, the results for other contaminants were inconsistent and varied depending on

the plant and fungal species, the nutrient availability in the soil, and its effect on the

microbial community composition. A better understanding of the physiology,

biochemistry, molecular genetics, and regulation of potential degradation pathways

in ECM fungi and mycorrhizal plants and of microbial communities in the mycor-

rhizosphere is crucial for a successful application of these associations for the

phytoremediation of contaminated sites. The potential of plants and their ECM

communities for the remediation of polluted sites depends on several interrelated

factors, such as properties, concentration, toxicity and bioavailability of the pollut-

ant, soil characteristics, such as nutrient and water availability, and the interactions

between ECM plants and indigenous microbial communities in rhizosphere and

mycorrhizosphere and their capability to facilitate remediation. However, the

multifaceted effects of ECM fungi on the capability of plants to remediate soils

and their ubiquitous nature in soils should make them a prime target for further

research to identify efficient and sustainable strategies for the remediation of

contaminated sites by plants and their microbial communities.
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Chapter 11

Metal Elements and the Diversity and Function

of Ectomycorrhizal Communities

Alexander Urban

11.1 Introduction

A few metal elements, Al, Fe, Ca, Na, Mg and K, are major components of the

continental earth crust, while the majority of metals are present in traces only

(Wedepohl 1995). Certain metal elements are required as essential nutrients (e.g.

Na, K, Ca, Mg, Fe, Zn, Cu) while others have no known biological function (e.g. Al,

Pb, Hg). All trace metals can be toxic, depending on concentration and speciation.

Human activities have resulted in the release of trace metals into the environment

far above natural levels. Metal and metalloid pollution is highly persistent and

constitutes a major ecotoxicological concern, particularly in case of highly toxic

elements such as As, Pb, Cd, Cu, Ni and Zn. The natural biogeochemical cycling of

metals, that is the transformation and translocation of metal elements in the

biosphere, has increasingly turned into a recycling of anthropogenic pollutants.

Soils are major sinks of metals emitted by human activities (Berthelsen et al.

1995). The largest quantities of metals are released in the northern hemisphere

(Europe, North America, and, increasingly, Asia; Pacyna and Pacyna 2001). Large

areas of metal-contaminated terrestrial environments are actually or potentially

vegetated with ectomycorrhizal (ECM) forests. Metal-contaminated environments

are dynamic systems, the speciation and compartmentation of metal elements

depends on interactions of physico-chemical soil properties and biotic activities

(Fomina et al. 2007). Recently, free-living and symbiotic fungi have been recog-

nized as important agents in metal biogeochemistry, since they are involved in

metal mobilization, transformation and immobilization (Gadd 2007). Ectomycor-

rhizal fungi (ECMF) are the dominant microbial component of ECM forest soils

and key players in metal biogeochemical cycles in these environments, due to their

important biomass and due to their manifold interactions with the organic and

inorganic soil matrix. Increased interest in ECM–metal interactions was triggered
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by the potential applications of ECMF in phytoremediation of polluted sites. The

evolution of metal tolerance in ECMF and potential host protection by ECMF and

the role of ECM fungi in metal biogeochemical cycles (Gadd 2007) were covered

by several reviews (Hartley et al. 1997; Leyval et al. 1997; Godbold et al. 1998;

Jentschke and Godbold 2000; Meharg 2003; Bellion et al. 2006). Here I want to

focus on studies that link various aspects of trace metal toxicity to population

biology, community composition, biodiversity of ECMF and on the integration of

ECMF into food webs.

11.2 Metal Element Cycling in ECM Forests

11.2.1 Biogeochemical Transformations of Metals in ECM
Forest Soil

Transformations and transport of metals are part of natural biogeochemical cycles.

Changes of metal speciation in biochemical cycles have important effects on solubility,

bioavailability and toxicity. The soil pools of trace elements are distributed across

different phases and are associated with different matrices: soil solution, living biomass,

organic matter, organomineral complexes, clay minerals, and hydrous oxides of Al, Fe

and Mn. Main processes that control the distribution, speciation and availability of

metals are adsorption–desorption, precipitation–dissolution, complexation, redox reac-

tions and volatilization (Gadd 2007; Huang 2008). Adsorption to minerals, organic

matter and microbial or plant cell walls limits the transport in aqueous soil solution,

reducing leaching to deeper soil horizons and water bodies. Cu, Pb and Cr are strongly

retained by the forest floor, while Zn and Cd are regarded as more mobile. Fungi can

bind metals to cell walls or extracellular polysaccharides. Precipitation of metals in the

soil solution may occur under the influence of sulphide in reduced environments or by

biotic oxalic acid exudation. Complexation reactions are highly diverse and they may

involve specialized chelates such as siderophores or diverse organic acids (Gadd 2007;

Huang 2008).

11.2.2 Weathering and Mineralization

Weathering of the parental rock matrix is an essential source of most plant nutri-

ents, including biogenic metal elements (Landeweert et al. 2001). Weathering is

important in replacing element losses that may occur naturally or anthropogenically

through leaky nutrient cycles, leaching, removal of biomass, or as a result of forest

fires and subsequent discharge of ashes.

The discovery of micrometer-scale tunnels inside mineral grains (feldspar and

hornblende, which contain K, Ca and Mg) in the elution horizons of podzols led to
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the hypothesis that ECM fungi can actively penetrate and dissolve minerals and

transport nutrients directly fromminerals to ECM host plants (Jongmans et al. 1997;

Landeweert et al. 2001). The direct link between rock and trees was thought to

improve tree growth by protecting trees from nutrient deficiency and Al toxicity. It

was demonstrated that certain ECM fungi are able to mobilize P or cationic nutrients

from minerals such as apatite, biotite, goethite and muscovite. Fungal mobilization

and translocation of K, Ca, Mg via ECM hyphae appeared to be driven by reduced

bioavailability of these elements (van Sch€oll et al. 2008). Pot experiments with

muscovite as only K source demonstrated an increase of weathering rates by tree

seedlings by a factor 1.7, inoculationwithPaxillus involutus increasedweathering to
a factor of 3.3, compared to abiotic weathering. Inoculation with Suillus bovinus or
Piloderma croceum did not change weathering rates (van Sch€oll et al. 2006). Fungi
target hyphal growth and weathering agents (organic acids, particularly oxalic acid,

and siderophores) at minerals containing nutrient elements (P, K, Ca,Mg). Fungi can

dissolve minerals and metal compounds by acidolysis, complexolysis, redoxolysis

and metal accumulation. Combined acidolysis and complexolysis by organic acids

serving as a source of both protons and ligands was found more effective than

protonation alone (Gadd 2007). The process of heterotrophic leaching had been

first studied from a biotechnological perspective (Burgstaller and Schinner 1993),

before it was recognized as an important ecosystem process. Many minerals contain

both nutrients and potentially toxic metal elements. Weathering, whether mediated

by ECMF or not, is likely to increase the bioavailability of toxic metals. Al, the most

abundant metal element in the earth crust, is toxic when present as free ion. Acidity

increases Al availability but may reduce Al toxicity. Dicarboxylic and tricarboxylic

acids such as oxalic acid and citric acid are involved in both weathering and

detoxification. Complexation with citric acid (Tahara et al. 2005) and precipitation

with oxalic acid are effective means of Al detoxification (Gadd 2007).

(Fomina et al. 2005) inferred metal tolerance of ECM fungi from growth rates in

metal-spiked growth media and found that tolerant strains solubilized metal-con-

taining minerals more effectively. Opposing results were obtained in an experiment

with the ericoid mycorrhizal fungus Oidiodendron maius. Metal-tolerant strains

from polluted soils did hardly respond to ZnO and Zn3(PO4)2 by ligand excretion,

while strains from unpolluted habitats increased ligand excretion and Zn

solubilization (Martino et al. 2003). The lack of responsiveness to Zn minerals in

metal-tolerant Oidiodendron is possibly a strategy to save organic carbon, since

low-molecular weight organic acid (LMWOA) excretion can constitute a major

carbon sink (van Hees et al. 2005). Gibson and Mitchell (2004) confirmed the

Glucose dependency of Zn phosphate solubilization in Hymenoscyphus ericae.

11.2.3 Litter Decomposition

Litter is a major source of nutrients in forest ecosystems and litter decomposi-

tion is essential in nutrient cycling, particularly in ecosystems that are less
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herbivore-driven. Potentially toxic elements may accumulate in tree foliage and

litter in several ways: through uptake from the soil solution via the xylem mass

flow, through atmospheric deposition onto the tree canopies, or via translocation of

elements from the soil solution to the decomposing litter. Atmospheric deposition is

the main route for anthropogenically mobilized metal elements to enter forest

ecosystems, with tree canopies being important scavengers of pollutants. The

process of litter decomposition involving saprotrophic fungi, bacteria and soil

arthropods results in changes of metal speciation, availability and concentration.

ECM fungi potentially compete with saprotrophic fungi for nutrients released from

decomposed litter and have been reported to partially inhibit litter decomposition

(Gadgil and Gadgil 1971; Koide and Wu 2003). Lindahl et al. (2001) analysed the

transfer of 32P-labelled P in interactions between saprotrophic and ECM mycelia.

The direction and quantity of P transfer was influenced by resource availability.

Recent studies by Lindahl et al. (2007) demonstrated a spatial separation of litter

decomposition and ECM nitrogen uptake. Saprotrophic fungi were essentially

confined to more recently (<4 years) shed litter. Organic carbon was mineralized

during decomposition, while N was retained, most likely within fungal mycelia.

The dwindling source of organic C as expressed by a decreasing C:N ratio was

hypothesized to favour the succession of ECM fungi.

Litter decomposition can be a long-lasting process, particularly in temperature-

and nutrient-limited environments. Brun et al. (2008) measured element contents in

conifer litter bags exposed on forest soils for as long as 8 years and recorded

different types of evolution of mass-normalized concentrations in different groups

of elements. Nutrient elements tended to decrease, along with the unessential

or toxic elements Rb, Sc, Sr and Tl. The concentrations of most unessential

and potentially toxic elements increased during decay. The concentrations of

Cd, Hf, Hg, Ta and Zr initially increased, followed by a net decrease. The anthro-

pogenic component of atmospheric deposition resulted in elevated concentrations

of Pb, Cd and Hg.

11.2.4 Metal Element Cycling and Translocation by ECMF

ECMF are considered highly efficient recyclers of mineral nutrients, which mini-

mize element losses through leaching. Very high affinities to certain nutrients can

result in the uptake of similar non-essential elements, for example Rb and Cs that

are accumulated by certain ECMF along with K. High bioconcentration factors

(BCFs) for certain non-essential trace elements are a side effect of high affinity

essential element capture. The efficiency of ECM element recycling can be illu-

strated by the observation that radioactive Cs has hardly been leached from forest

soils more than 20 years after the fall out impact caused by the accident in the

nuclear power plant in Chernobyl (Dighton et al. 2008). The ability of ECM fungi to

capture cationic nutrient elements and to limit losses due to leaching is particularly

234 A. Urban



important when the retention capacity of the soil matrix is low and when climatic

conditions enhance the leaching potential.

Fungal translocation of metal elements might explain some surprising results

from both weathering and litter decomposition studies. Budget studies in boreal

podzols indicated an upward transport of Al and Fe from mineral soil to the organic

soil layer, a phenomenon that cannot be explained by passive leaching. Smits and

Hoffland (2009) tested the hypothesis that fungal mycelia in the E horizon

connected to ECM roots in the O horizon might be responsible for the uplift of

Al. A two-compartment in vitro experiment demonstrated that Rhizopogon roseolus
and one isolate of Paxillus involus transported Al, while Piloderma croceum,
Hebeloma longicaudum and Suillus bovinus did not. Ga, an element with similar

properties as Al, was used as a tracer in a pot experiment with Pinus sylvestris
seedlings planted into a reconstructed podzol. Ga uptake by Pinus sylvestris seed-
lings was largest when naturally present ECMF mycelia but not the tree roots had

access to the compartment with Ga added. Comparisons between hyphal transfers

of Ga and Al suggested that Ga is a good proxy for Al.

Scheid et al. (2009) compared accumulation and solubility of metals during the

decomposition of leaf litter harvested from trees grown in non-polluted and pol-

luted sites and exposed in non-polluted and polluted soils. Decomposition rates

were not changed by elevated metal contents, suggesting that the function of

decomposer communities was not affected. Leaves from trees grown on polluted

soil had larger initial Zn, Cd and dissolved organic carbon concentrations. Total

metal contents increased during decomposition in polluted soils. The solubility of

metals decreased over time, indicating that litter acted as a temporal sink for metals

from the soil. The sorbed metals were strongly bound in the litter 2 years after

decomposition. The significant rise of metal contents in uncontaminated litter

exposed on polluted soil documents the tight communication of soil and decom-

posing litter in interchanging elements. The agents of decomposition and metal

translocation were not identified in this study, but it is well established that

saprotrophic fungi have a primordial role in the earlier phases of litter decomposi-

tion, while ECMF take over in later phases.

11.2.5 Relevance of Fungal Soil Metal Transformations

Manifold experiments have demonstrated the potential of ECMF to dissolve nutrient-

containing minerals by means of mechanical and chemical attack. Weathering by

ECMF is fuelled by host tree organic carbon, weathering agents such as LMWOAs are

important sinks of reduced carbon (van Hees et al. 2005). The relative proportion of

ECMF weathering is still a matter of controversy. Earlier estimations that ECMF

contributed to mineral weathering in a podzol via tunnelling alone by 50% (van

Breemen et al. 2000) were probably far too high. Smits et al. (2005) quantified the

contribution of ECMmineral tunnelling to total weathering by image analysis of soil

thin sections and concluded that this process accounted for less than 0.5% of total
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feldspar weathering in the upper 2 cm of the mineral horizon of the investigated soil.

Surface mineral weathering by ECM fungi was suggested to be quantitatively much

more important than tunnelling (Smits et al. 2005). Pot experiments demonstrated that

ECM weathering by exudation of LMWOAs can be upregulated under deficiency

conditions, this regulatory potentialmight increase the relevance ofECMFweathering

for forest health (van Sch€oll et al. 2008).
Anthropogenical trace metal contaminations are likely to be metabolized by

ECM forest soils in similar ways like naturally occurring metal species, as long as

the impact on the forest ecosystem does not result in disruption of ecosystem

functions. Berthelsen et al. (1995) investigated a forest in southern Norway that

had been submitted to long-term heavy metal emissions. They concluded that nearly

all Cu in the upper humus layer might be contained in ECM structures, for Zn and Cd

the respective proportions were between 30 and 40%. Only 2% of Pb was found

associated with fungal biomass. Importantly, this study included morphotype-based

identifications of the ECMF and linked the contribution of individual ECMF species

to soil tracemetal budgets. The considerable biomass and the larger surface: biomass

ratio of ECMF mycelia compared to host root systems may explain the significant

metal-binding capacity of ECMF.Most quantitative information about adsorption of

trace metals to fungal mycelia was obtained in wastewater treatment studies. High-

affinity adsorption of certain trace metals to the mycelia of fast growing saprotrophic

fungi was found by Kapoor and Viraraghavan (1997). In ECMF, the adsorption

potential is potentially limited by the availability of sorption sites and might be

rapidly saturated in metalliferous soils (Godbold et al. 1998). Precipitation of trace

metals on or near fungal hyphae, typically as oxalates, is not limited by hyphal

surface area.

11.3 Metal Tolerance of ECM Associations

11.3.1 Metal Toxicity

Metal toxicity can interfere with the essential physiological and reproductive

processes in fungi (Gadd 1993; Amir and Pineau 1998). Metal toxicity-based

antimycotica illustrates the relevance of fungal metal sensitivity. Cu(II)sulphate,

a fungicide still used in viticulture, is effective in controlling plant parasitic fungi at

concentrations which are not toxic to the host plant.

Metal toxicity depends largely on speciation. Free metal ions, oxyanions and

certain organic metal compounds such as methylated Hg are particularly toxic

(Gadd 2007).

Mechanisms of metal toxicity comprise the elicitation of oxidative stress (even

in non-redox-active metals such as Cd), depletion of antioxidant pools, competitive

inhibition of the uptake of essential elements, denaturation of proteins, interference

with functional groups of proteins by displacement of essential cationic cofactors,

precipitation of P inducing P deficiency and membrane disruption. Cytoplasmatic

236 A. Urban



metal homeostasis is an essential cellular function given the dual role of many trace

metals as nutrients and potential toxicants.

11.3.2 Mechanisms of Metal Tolerance in ECMF

Metal tolerance may be defined as the genetically conditioned ability to grow and

reproduce in environments with high concentrations of potentially toxic metals

(Hartley et al. 1997). A metal-tolerant organism must be able to maintain metal

homeostasis in the presence of high metal concentrations, controlling the concen-

trations of free metal ions in the cytosol. A multitude of mechanisms were proposed

to contribute to metal tolerance in ECMF (Hartley et al. 1997; Leyval et al. 1997).

Avoidance mechanisms reduce the exposure of ECMF cells to toxic metals and

limit metal entry into the cell (Gadd 1993; Hartley et al. 1997). Avoidance mechan-

isms include the extracellular biochemical transformations of metals discussed

above and the regulation of metal uptake: extracellular ligation of metal ions to

di- and tricarboxylic acids and chelation with siderophores; extracellular metal

immobilization by adsorption to cell walls, pigments and extracellular polysacchar-

ides (fungal slimes); extracellular precipitation as oxalates; restriction of net metal

uptake by reduced influx or increased efflux, through changes in the activity or

specificity of metal transport channels (Bellion et al. 2006).

Cytoplasmatic and vacuolar sequestration of metals reduces the concentration of

free ions in the cytosol. Mechanism of cellular sequestration and detoxification of

metals comprise cytoplasmatic chelation by thiols (metallothioneins, glutathione

and similar oligopeptides) and metal sequestration in the vacuole. Metal coordina-

tion within cells of ECMF was recently analysed by Fomina et al. (2007).

Increased production of cellular redox buffers such as glutathione and of the

enzyme superoxide dismutase protects the cells from metal-induced oxidative

damage, adding another line of defence against metal toxicity (Ott et al. 2002;

Bellion et al. 2006).

The basic mechanisms of cytoplasmatic metal homeostasis used by fungi are

shared with other eukaryotes. Studies in model organisms indicate that more

cellular functions and molecules are involved in fungal metal tolerance. Kennedy

et al. (2008) found many genes involved in Cd tolerance through a screen of

knockout mutants of Schizosaccharomyces pombe. Their results suggested inter

alia an involvement of coenzyme Q10 (ubiquinone) in Cd tolerance.

Most metal tolerance mechanisms imply metabolic costs: oxalate and exopoly-

saccharide production requires organic carbon and increased efflux bymetal transport

channels is energy dependent. Intracellular metal chelation withmetallothioneins and

glutathione requires considerable amounts of cysteine. Under acute metal stress,

other cysteine-requiring cellular activities such as hydrophobin synthesis are down-

regulated in support of intracellular thiol levels (Bellion et al. 2006).

Metal adsorption to cell walls does not require additional synthetic effort but

might be of limited relevance due to rapid saturation of potential sorption sites in
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highly metalliferous soils (Jentschke and Godbold 2000). Down-regulation of the

expression of metal influx channels would save metabolic energy and might be the

most economic adaptation to constantly increased substrate metal concentrations.

The evolution of higher specificity of metal influx channels might improve the

discrimination of non-essential and essential elements, but evidence for such a

process in ECMF is not yet available.

Hartley et al. (1997) and Meharg (2003) pointed out that ECM and ERM fungi

share a long evolutionary history of exposition to toxic metal concentrations, since

ECM forests with understoreys of ERM plants cover huge areas with highly acidic

soils, and soil acidity increases the concentration of free ions of Al, Fe and Mn.

Mechanisms of Al detoxification and of Fe and Mn homeostasis were supposed to

confer cotolerance to other metal elements. More particularly, sites with geogeni-

cally elevated levels or toxic trace metals are potential hotspots for the evolution of

tolerance of certain trace metals. Serpentine soils, the most widespread type

of geogenically trace metal enriched substrate, are characterized by elevated levels

of Mn, Ni and Cr (Urban et al. 2008; Moser et al. 2008). Other types of metallifer-

ous outcrops are relatively rare and more restricted in surface.

The weathering of soil minerals by certain ECM fungi is considered important

for the acquisition of essential cationic elements (van Sch€oll et al. 2008). By fungal
attack on rock, potentially toxic metal ions can be liberated too, depending on the

chemical composition of the rock material. Similar mechanisms are involved in

ECM weathering and in the detoxification of metal ions by fungi, most importantly

the exudation of LMWOAs. Citrate is the main ligand of Al3+ in podzolized forest

soils (Landeweert et al. 2001) and oxalic acid is the main component of mycogenic

precipitates of various metals (Gadd 2007). Extracellular ligation and precipitation,

two essential mechanisms of avoidance of metal toxicity, may thus be an evolu-

tionary by-product of the involvement of ECMF in mineral transformations driven

by nutrient foraging.

Hartley et al. (1997) and Meharg (2003) hypothesized that cotolerance against

several metals was likely to occur and would facilitate the evolution of metal

tolerance. This argument may apply at least to very common mechanisms involving

simple molecules, for example the up-regulation of oxalic acid exudation. On the

other hand, it was frequently observed that increased metal tolerance in ECMF is

metal specific, and that specificity in metal tolerance and local metal exposition can

be correlated. Metal tolerance in Suillus spp. was found strain and metal specific

and could be linked to the respective histories of metal exposure (Adriaensen et al.

2005; Krznaric et al. 2009). Recently, it could be demonstrated that metallothio-

neins of the ECMF Paxillus involutus and Hebeloma cylidrosporum and the

regulation of metallothionein gene expression are metal specific (Bellion et al.

2007; Ramesh et al. 2009). More information on specific mechanisms of metal

homeostasis is available for model organisms. A Cd regulated Cd efflux system

based on a P1B-type ATPase (PCA1) was recently reported from Saccharomyces
cerevisiae (Adle et al. 2006). Lin et al. (2008) discovered that a single amino acid

change in the vacuolar Zn transporter ZRC1 changed the substrate specificity of the

transporter from Zn to Fe.
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11.3.3 Protection of Host Trees

Schramm (1966) investigated plant colonization of barren coal mine spoils in

Pennsylvania, a highly acidic substrate with toxic metal concentrations. He

observed that both planted and spontaneously established trees (Pinus spp., Quer-
cus borealis, Betula populifolia) were consistently associated with ECMF. Fruit

bodies of Pisolithus tinctorius, Thelephora terrestris, T. caryophyllea, Astraeus
hygrometricus and Inocybe sp. appeared near young trees established on barren

substrate. The majority of spontaneously established pine seedlings were mycor-

rhized, despite apparent limitation of ECM inoculum. The non-mycorrhized seed-

lings were reported as stunted and chlorotic, in contrast to the mycorrhized

seedlings. Ever since it was observed many times that trees mycorrhized spontane-

ously or inoculated with appropriate ECMF species resist much better to extreme

soil conditions, including metal toxicity. Trees were considered to tolerate metal

contamination by means of phenotypic plasticity and ECM symbiosis. It was

hypothesized that the presumably shorter life cycles of ECM fungi would open

up more opportunity for genetic adaptation. Adaptive genetic change in ECM

communities was considered essential for the understanding of the survival of

ECM tree species challenged with metal toxicity (Wilkinson and Dickinson

1995). This hypothesis raised numerous questions, some of them being still under

discussion.

11.3.4 Are ECMF More Resistant to Toxic Metals
Than Their Host Trees?

Hartley et al. (1997) reviewed available data and concluded that a wide range of

metal sensitivity can be found in both trees and ECMF, but upper tolerance limits

appear to be far lower in the tree species. Growth-inhibiting Cd concentrations

range from 0.3 to 30 mM for non-mycorrhized trees and 0.1 to 90 mM for ECM fungi

in liquid media. In case of Pb exposition, the respective values were 0.5–230 mM for

trees and 125–960 mM for ECMF in liquid media. Hartley et al. (1997) attributed

the higher adaptability of ECMF as expressed by higher upper limits of metal

resistance to the higher diversity of ECMF compared to ECM trees, and not to the

presumably shorter fungal generation cycles (Wilkinson and Dickinson 1995).

11.3.5 Can Metal-Resistant ECMF Confer Resistance
to Their Host Trees?

From a co-evolutionary point of view, it seems obvious that a metal-resistant

ECMF which supplies mineral nutrients to its host and which depends on organic
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carbon obtained from the host would benefit more if it alleviates metal stress in its

host tree, with other words, selection is likely to favour host protection by ECMF,

especially in pioneer populations, where only one tree individual might be available

as carbon source. However, there is some experimental evidence that the most

resistant ECMF species is not necessarily the most protective one (Jones and

Hutchinson 1986). Godbold et al. (1998) concluded that only in a small number

of experiments, amelioration of metal toxicity could be demonstrated, and that this

was the case for specific metals and certain fungi only. The statement that amelio-

ration of metal toxicity is highly species, strain and metal specific is still valid.

However, it has to be considered that many earlier experiments with negative

results had used ECMF from unpolluted sites, while amelioration of metal toxicity

under experimental conditions had been recorded most often when fungi from

metalliferous were used. Later studies provided unequivocal evidence that certain

ECMF protect their host trees highly efficiently against specific metals (Adriaensen

et al. 2004, 2005, 2006; Krznaric et al. 2009). Given recent evidence that ECMF

communities in highly metalliferous soils can be surprisingly diverse, the question

arises, if all those metal-tolerant ECMF have a similarly beneficial effect on their

host trees. (Colpaert and van Assche 1993) inferred from experimental results in a

semi-hydroponic system that species with abundant mycelia have the most benefi-

cial effect. Field observations suggest that species with abundant mycelia such as

Suillus spp. can be highly metal tolerant and beneficial for their host trees (Colpaert

2008). However, if ECM trees are competent of rewarding the most beneficial

ECMF through selective organic carbon allocation, the diversity of metal tolerant

ECMF might be per se beneficial.

ECM-associated microbes are likely to be important, too. Coinoculation with the

ECM-associated bacterium Pseudomonas putida improved the growth promoting

effect of Amanita rubescens on Pinus sylvestris exposed to Cd (Kozdroj et al.

2007).

11.3.6 ECMF and Host Tree Nutrient Status and Metal Uptake

Many metal polluted sites are poor in essential nutrients, and toxic metals can

interfere with the uptake of essential nutrients. It is not easy to disentangle the

beneficial effects of improved access to nutrients and/or reduced metal uptake. If

revegetation of a devastated area is the first goal, this distinction might seem

secondary. If metal cycles and the potential contamination of food webs or applica-

tions such as phytoextraction are considered, the quantity of metal uptake is of high

practical relevance. Experimental results on the transfer of metal elements to trees

via ECM fungi are manifold, but in many cases the toxic element filter hypothesis

(Turnau et al. 1996) might be applicable. ECM fungi can reduce levels of available

metals in soil by precipitation and by binding to organic compounds (Huang 2008),

they can control symplastic metal transfers and cell wall components with high-

metal affinity are likely to reduce apoplastic transport to the fine root. A clear
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amelioration of Cd toxicity in Picea abies seedlings by Paxillus involutus was

found (Godbold et al. 1998), but Cd uptake was not decreased. Shoot metal

concentrations are not necessarily reduced due to ECM colonization, effects on

total shoot metal contents can be very variable. Ahonen-Jonnarth and Finlay (2001)

observed a positive growth response of Ni and Cd exposed Pinus sylvestris seedling
upon inoculation with Laccaria bicolor. Shoot metal concentrations were not

affected, resulting in enhanced total metal uptake. In accumulating tree species,

evidence for an ECM filtering effect may be lacking too (Krpata et al. 2009). Again,

the metal exposition histories of both the ECMF and the host tree are essential to

interpret experimental results.

11.3.7 Can ECM Symbiosis Confer Resistance to Sensitive
Host Tree Genotypes?

The role of host sensitivity in the success of ECM associations was rarely investi-

gated. Brown and Wilkins (1985) found increased Zn tolerance due to ECM

inoculation in both tolerant and non-tolerant Betula. The translocation of Zn to

the shoots of Betula was reduced, but Zn accumulated in the ECM. The differences

of tolerance of the trees as expressed in growth rate and the respective limitations of

leaf Zn concentrations were largely maintained. Adaptive tolerance of metal toxic-

ity was suggested to occur in populations of Pinus ponderosa (Wright 2007) and P.
balfouriana (Oline et al. 2000) growing in serpentine soils, but the potential role of
ECMF was not assessed. Kayama et al. (2006) observed significantly reduced ECM

colonization in non-tolerant Picea abies planted into serpentine soil, while ECM

colonization was not decreased in serpentine adapted Picea glehnii. Two alternative
hypotheses are proposed here to be tested in future studies: (a) metal uptake exceeds

a critical threshold despite ECM colonization due to the low tolerance of non-

adapted trees; (b) the naive, non-adapted host tree fails to select the most beneficial,

toxic metal filtering ECMF via selective carbon allocation. In both cases, the metal

sensitive tree will fail to grow normally despite nutrients offered by metal tolerant

ECMF, the consequent reduction of photosynthesis and carbon supply will reduce

colonization intensity and growth of fungal mycelia and destabilize the symbiosis.

11.4 Population Genetics of Adaptive Metal Tolerance

in ECMF

Metal-contaminated soils are an attractive model system to investigate environment-

driven population genetic processes, and important new insights into the microevo-

lution of adaptive metal tolerance were reported for a few ECM model species. In

subpopulations of the ECM basidiomycete Suillus luteus growing in Zn polluted
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soils, considerable genetic diversity was found and no reduction of genetic diversity

compared to control populations could be detected using AFLP (Muller et al. 2004)

and microsatellite (Muller et al. 2007) population markers. In contrast to a priori

expectations, there was no evidence for clustering of subpopulations from polluted

vs. unpolluted sites, despite significant differences in metal tolerance. It was con-

cluded that metal pollution had a limited effect on the genetic structure of S. luteus
populations, and that extensive gene flow and a high frequency of sexual reproduc-

tion allowed rapid evolution of tolerance while maintaining high levels of genetic

diversity (Muller et al. 2007).

Adaption to Ni toxicity in naturally metalliferous soils was demonstrated in the

ECM ascomycete Cenococcum geophilum (Gonçalves et al. 2009). Mean in vitro

50% growth-inhibiting concentrations of Ni were about seven times higher in

isolates from serpentine (23.4 mg/ml) than in control isolates (3.38 mg/ml). Further-

more, a marginally significant (P ¼ 0.06) trend towards a negative correlation

between Ni tolerance and growth rates in non-toxic conditions was found. This

trade-off had been postulated earlier (Hartley et al. 1997) in order to explain why

tolerance of metal toxicity fails to become a frequent trait in non-exposed popula-

tions. Moderate costs of metal tolerance are compatible with the observation of

considerable variation in metal tolerance in non-exposed populations (Colpaert

2008). In contrast to the results of Gonçalves et al. (2009), Colpaert et al. (2005)

found no reduction of growth rates at low Zn levels linked to reduced Zn uptake in

Zn-tolerant strains of Suillus spp. However, in vitro experiments can at best

partially reproduce selective forces in ECM symbioses in natural environments.

Results concerning the population genetics of serpentine colonizing C. geophi-
lum are rather contradictory. Panaccione et al. (2001) detected genetic divergence

between C. geophilum from serpentine and from control sites, while Gonçalves

et al. (2007) found no differences linked to serpentine, but this result might be due

to a limited sample size. Furthermore, Douhan et al. (2007) reconfirmed that C.
geophilum s.l. is a species complex and recommended caution when conducting

population genetic studies in C. geophilum due to the risk of comparing unrelated

isolates.

The above-mentioned results suggest that in both anthropogenically and geo-

genically metal-contaminated soils, tolerance of very high levels of toxic metals

can be acquired by adaptive evolution, with or without high rates of genetic

exchange with non-exposed populations. It is not clear if adaptive evolution of

metal tolerance is widespread among ECMF. Strains of Paxillus involutus collected
from Zn polluted sites were as Zn sensitive as control strains (Colpaert 2008). In

certain ECMF species, constitutive levels of metal tolerance seemingly suffice to

survive and compete in contaminated sites, while in others the frequently observed

variation of metal tolerance in non-exposed populations may be the base for rapid

selection of highly metal-tolerant genotypes.

Adaptive evolution of metal tolerance might be compatible with different popu-

lation genetic patterns, respectively, reproductive systems and life history traits.

Suillus luteus is a panmictic, sexually reproducing ECMF, C. geophilum is a

complex of cryptic species possibly lacking a sexual state. Population genetics
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might rather be conditioned by life cycle traits than by metal stress. The probability

of evolving distinct, specialized genotypes and genetically isolated populations

might rather be determined by the structure of reproductive systems than by the

nature and intensity of environmental selection pressure. At present, there is no

evidence for serpentine driven speciation in ECMF (Urban et al. 2008) and the

genetic structure of metal-tolerant Suillus luteus is similar like in pseudo-metallo-

phytes (Colpaert 2008).

11.5 Distribution of Metal Elements in ECMF

Most studies on the elemental composition of ECMF were based on sporophores,

motivated by the interest in nutritional value and ecotoxicological concerns, since

wild edible fungi are an important component of human diets in many parts of the

world. Earlier studies on metal contents in macrofungi were reviewed by Kalač and

Svoboda (2000). They summarized that BCFs in wild edible mushrooms were found

high for Cd (50–300), which is probably the most problematic element in mush-

rooms, and Hg (30–500) but low for Pb (10�2–10�1). Melgar et al. (2009) confirmed

that all fungal species investigated accumulated Hg (BCF > 1). Highest values

were found in ECM Boletus pinophilus and B. aereus and in saprotrophic Agaricus
macrosporus and Lepista nuda (mean BCF between 300 and 450 in the hymeno-

phore). Other ECM species had generally lower BCF values than saproptrophs.

Borovička and Řanda (2007) found Fe accumulation in Hygrophoropsis aur-
antiaca and Zn accumulation in ECM Russula atropurpurea. Generally, lower Se
acumulation was found in checked ECMF compared to saprotrophs, but some of the

highest Se concentrations were recorded in ECMF (Boletus edulis, Boletus pino-
philus, Amanita strobiliformis, Albatrellus pes-caprae).

Metal hyperaccumulation by fungi was rarely reported. Stijve et al. (1990)

measured As hyperaccumulation in Sarcosphaera coronaria (100–7,000 ppm)

and Borovička et al. (2007) reported Ag hyperaccumulation in Amanita strobili-
formis (mostly 200–700 mg/kg, highest value 1,253; mg/kg; BCF 800–2,500). Ag is

microbicidal at low concentrations. Very high BCFs (about 1,000) were reported

for the K analogue Rb in Suillus grevillei (Chudzynski and Falandysz 2008).

Bioavailability, nutritional value and toxicity of metals and metalloids in ECMF

depend on speciation. Slejkovec et al. (1997) found some relation between As

speciation and phylogenetic relationships in mushrooms. Mutanen (1986) reported

low bioavailability of fungal Se. The metalloid Se is of interest due to frequent Se

deficiency of human nutrition. Serafı́n Muñoz et al. (2006) suggested that a major

part of Se in Pleurotus ostreatus is bound to the cell wall component chitin. Serafı́n

Muñoz et al. (2007) demonstrated a speciation-dependent protective role of Se

against oxidative damage induced by Cd and Ag in liquid cultures of Pleurotus
ostreatus.

Krpata et al. (2009) compared Zn and Cd concentrations in fruit bodies of ECM

fungi and in leaves of their host trees, metal-accumulating Populus tremula, in
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locations highly contaminated by Pb/Zn smelting. BCFs were based on total metal

concentrations in the mor-type organic layer (BCFtot) or on NH4NO3-extractable

metal concentrations in mineral soil (BCFlab). When plotted on log–log scale, a

linear model described well the decrease of BCFs with increasing soil metal

concentrations. A better correlation was found for BCFlab than for BCFtot. The

observation of decreasing BCFs with increasing substrate metal concentrations is

not uncommon in fungi (Gast et al. 1988) and plants (Langer et al. 2009). Differ-

ences between fungal genera were found in Zn-BCFs but not in Cd-BCFs. Tricho-
loma scalpturatum (762 ppm), Scleroderma verrucosum (598–777 ppm) and

Amanita vaginata (403–571 ppm) had highest Zn concentrations, Laccaria laccata
(12.3–93.3 ppm) and Amanita vaginata (10.1–48.5 ppm) had highest Cd values.

Concentrations of Zn were in the range reported for fungal fruit bodies, Cd con-

centrations were highly elevated. Cd levels above 10 ppm are typically found in

contaminated sites (Gast et al. 1988; Svoboda et al. 2006).

Accumulation and BCFs of Zn and Cd in the host trees were of the same order of

magnitude as in the ECM fungi. Studies on metal element concentrations in

sporophores demonstrated differences in metal affinities between various fungal

species and strains and high metal specificity in fungal BCFs. Fungi growing in

substrates with excessive metal concentrations usually have drastically reduced

BCFs, probably a result of physiological control of metal uptake. The relative

contributions of phenotypic plasticity and population genetic factors to the control

of metal uptake rates as expressed by BCFs may vary according to the species

concerned. Colpaert et al. (2005) found reduced Zn uptake in Zn-tolerant strains of

Suillus spp. at low and high Zn concentrations and concluded that partial Zn

exclusion contributed most to Zn tolerance. Zn tolerance as expressed by reduced

Zn accumulation was specific, the concentrations of other micronutrients were not

affected. Despite reduced Zn uptake in tolerant strains, the Zn concentrations in the

mycelia of all treatments were very high, reaching up to 15.57 mg/g, a concentra-

tion representative of plant hyper-accumulators. Turnau et al. (2001) used micro-

proton-induced X-ray emission (PIXE) true elemental maps to quantify metals in

cryo-fixed S. luteus mycorrhizas collected from Zn wastes. They found similarly

elevated Zn concentration in Suillus rhizomorphs, in average 12.83 mg/g. Colpaert

and van Assche (1992) detected high concentrations of Zn in Suillus ECM grown in

Zn-spiked substrate, while transfer to the host plant remained low. Representative

Zn concentrations in Suillus sporophores are 30–150 mg/kg (Kalač and Svoboda

2000), a value about 100 times lower than in Suillus mycelia. Studies on metal

concentrations in environmental samples of ECM mycelia are still scarce, despite

growing awareness of their ecological significance (Finlay 2008). Wallander et al.

(2003) investigated the elemental composition of ECM mycelia grown in contact

with wood ash or apatite in forest soil. They measured high K accumulation by

mycelium of Suillus granulatus and high concentrations of Ca, Ti, Mn and Pb in

Paxillus involutus rhizomorphs. Piloderma croceum appears to accumulate and

translocate Ca, an element that is scarce in podzols (Blum et al. 2002; Hagerberg

et al. 2005).
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11.6 Transfer of Trace Metals to Vertebrate Food Webs

via ECMF

ECM fungi are a part of terrestrial food webs and of various pathways of human

exposure to soil borne contaminants. Apart from direct use of fungi as food, the

consumption of partly fungivorous game may be a major source of contaminant

exposure in some populations.

The knowledge about heavy metal transfers via food webs to game is still

fragmentary, despite concerns about elevated heavy metal concentrations in various

species of game.

Pokorny et al. (2004) found a correlation between amounts of fungal spores and

Hg levels in row deer (Capreolus capreolus) faeces collected in a moderately

polluted area in Slovenia. Fungal spores were present in 89% of all faecal samples.

Following fungal genera were reported: Lycoperdon, Calvatia, Hypholoma, Copri-
nus, Russula, Elaphomyces, Xerocomus, Entoloma, Amanita, Cortinarius, Agari-
cus, Inocybe, Boletus, Macrolepiota, Suillus and Pluteus. Analyses of heavy metal

concentrations in fungal sporophores and in important food plants of row deer

showed that Hg and As concentrations were in average by about two to three orders

of magnitude higher in fungi, and Cd concentrations were elevated by about one

order of magnitude. Pb was accumulated in saprotrophic puffballs (Lycoperdon
perlatum, Calvatia utriformis) only, but these species accounted for a major part

of the spores found in row deer faeces. These results explained well the late aestival

and autumnal increase of Hg observed in row deer kidneys. Surprisingly, no

parallel increase of As levels was found. This might indicate lower bioavailability

of fungal As, or higher relevance of other As sources than those covered by this

study.

Cs transfer from soil to roe deer was suggested by Kiefer et al. (1996), based on

circumstantial evidence such as elevated Cs concentrations in Xerocomus badius,
annual variations of roe deer Cs contamination and correlations with precipitation.

Hohmann and Huckschlag (2005) investigated the pathways of 137Cs contamination

in wild boars in Rhineland-Palatinate, Germany. They found deer truffles (Elapho-
myces granulatus) in significantly higher proportions (average weight proportion

15.3%) in highly contaminated stomach contents (345–1,749 Bq/kg) and in lower

proportions (average weight proportion 1.6%) in less contaminated stomach con-

tents (�20–199 Bq/kg, median �20 Bq/kg). 137Cs activity concentrations in Ela-
phomyces granulatus were in average 6,030 Bq/kg (800–18,800 Bq/kg). These

results explain why 137Cs concentrations in wild boar meat remain high in many

regions more than 20 years after the fallout of the Chernobyl nuclear accident. ECM

fungi play a paramount role in the long-term recycling and retention of highly

leachable 137Cs in soil organic matter and as a gateway of this radioactive element

to vertebrate food webs. Top predators such as Lynx lynx may accumulate

extremely high concentrations of 137Cs, up to 125,000 Bq/kg, depending on food

choice (Åhman et al. 2004).
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11.7 Diversity and Structure of ECM Communities

Exposed to Metal Toxicity

Decreases in species diversity of ECMF are a common result of metal pollution,

suggesting a selective elimination of more sensitive fungi (Gadd 1993; Godbold

et al. 1998). Field studies on sporophore production along heavy-metal gradients in

north and south Sweden found strong evidence for decreasing ECM diversity and

productivity at elevated toxic metal concentrations. Most ECM species were found

to decrease with increasing metal (Cu, Zn) concentration, for example Cantharellus
cibarius, Cortinarius spp., Gomphidius spp., Lactarius spp. and Russula spp.

Among the more tolerant taxa were Albatrellus ovinus, Amanita spp., Cantharellus
tubaeformis, Laccaria laccata, Leccinum spp. (R€uhling et al. 1984; R€uhling and

S€oderstr€om 1990). Colpaert (2008) reported that only four morphotypes of Pinus
sylvestris ECM were detected in the most polluted area along the Zn pollution

gradient in northern Limburg, Belgium. A dark ascomycete from the Rhizoscyphus
ericae aggregate was a frequent mycorrhiza former in the most polluted plots only,

confirming earlier observations by Vralstad et al. (2002).

Recent studies provided deeper insights into the below-ground diversity of

ECMF in geogenically and anthropogenically metal enriched soils. Mleczko

(2004) described 14 ECM morphotypes associated with Pinus sylvestris and Betula
pendula growing on Zn wastes in southern Poland. Staudenrausch et al. (2005)

analysed the ECM community of Birch regenerating on the wastes of a uranium

mine in Thuringia, Germany. Twenty-three ECM morphotypes were distinguished,

14 of them were identified by ITS sequence analysis. Total ECM colonization and

ECM diversity were lowest on a mine heap without organic layer, intermediate on

mine wastes with organic layer and highest in a reference site nearby. All ECMF

dominating on the mine heap were present in the reference site, indicating that fungi

with high resistance against U toxicity and other stress factors associated with

barren substrate had been selected from the local ECM community. Urban et al.

(2008) identified 18 different ECMF from eight fungal orders associated with Pinus
sylvestris in a highly metalliferous serpentine soil. Statistic estimators of species

richness indicated the presence of about 30 (Jackknife estimator) to 40 (Michae-

lis–Menten estimator) ECMF species. Moser et al. (2008) differentiated 18 ECM

morphotypes associated withQuercus garryana. Fifteen of these morphotypes were

found in serpentine soil and 13 in non-serpentine soil. Multivariate analysis

detected no differences between the communities. In contrast to the results of

Urban et al. (2008), pezizalean hypogeous fungi were frequent and diverse. Brear-

ley (2006) found higher percentage ECM colonization and higher ECM diversity in

a pot experiment with Dryobalanops lanceolata (Dipterocarpaceae) grown in Ni-

and Mg-rich ultra-mafic soil compared to seedlings grown in tropical ultisol.

Relatively high diversity of ECMF is not limited to naturally metalliferous serpen-

tine. Hrynkiewicz et al. (2007) detected 14 different ECM fungi, mainly Tomentella
spp. and Cortinariaceae associated with Salix caprea at a heavy metal polluted

former ore mining site near Freiburg in Germany. Krpata et al. (2008) differentiated
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as many as 54 ECMF associated with Populus tremula in a severely heavy metal-

contaminated (Pb, Zn, Cd) site. The community was rich in Basidiomycota and

dominated by Cenococcum geophilum and tomentelloid fungi. The study site had a

very long pollution history of about 500 years, and the mining sites were not far

away, hence there had been good opportunity for local microevolution of metal

tolerance in many species.

The finding of phylogenetically diverse ECM communities in metal enriched

soils indicates that the potential of metal tolerance is widespread among ECMF. In

plants on the contrary, the potential to evolve increased metal tolerance appears to

be limited to few phylogenetic groups, for example Brassicaceae or Poaceae. Plant

communities on metalliferous soils such as serpentine are typically limited in

diversity but rich in specialized metallophytes. ECMF communities might be

highly diverse, but no metal-specific fungi have been found as yet. Patterns of

ECM diversity do not seem to agree with patterns of vascular plant diversity in

metalliferous soils.

Are there fungal species, genera or larger phylogenetic groups that are excluded

by metal toxicity? The representation of major phylogenetic groups in ECM com-

munities can be very different in similar edaphic conditions. Urban et al. (2008)

found most major ECMF orders associated with pines and oaks on serpentine,

except Pezizales and Gomphales. Moser et al. (2008) found several pezizalean

ECMF associated with oaks on serpentine. Possibly, the potential of various species

to colonize metalliferous soils is conditioned by the local evolutionary history

rather than by genetic predispositions. At present, our knowledge about constitutive

and adaptive mechanisms of tolerance is limited to a few well-studied model

organisms. It is unknown whether different ECMF species use similar or diverse

tolerance mechanisms, and if their population structures are similar. It appears that

metal-tolerant ECMF genotypes are typically derived from local species pools

(Staudenrausch et al. 2005; Colpaert 2008).

11.8 Biodiversity and Conservation

Geogenically metalliferous sites are potential evolutionary hotspots of metal toler-

ance traits, and they use to harbour unique organisms and communities. The

essential genetic adaptations and innovations that confer metal tolerance are likely

to have evolved originally in naturally metal enriched soils (Ernst 2000). The

proximity of natural outcrops of ore and historic mining and smelting sites might

have facilitated colonization of mine spoils by locally adapted metal-tolerant plants

and fungi. Some historic mining and metal processing sites might merit protection,

like naturally metalliferous soils, since they can host specialized communities of

metal-tolerant plants and fungi.

The effects of widespread background contamination of soils with toxic metals

on ECMF biodiversity, community composition and potential species losses are

difficult to estimate. It can be inferred from the relatively rapid recovery of ECMF

11 Metal Elements and the Diversity and Function of Ectomycorrhizal Communities 247



diversity in historically polluted sites that many species can adapt to high levels of

toxic metals. If generic, constitutive mechanisms of metal tolerance suffice to resist

moderate levels of metal toxicity, the challenge might not be fatal for most ECM

fungal species. Are toxic trace metals involved in the decline of certain rare ECM

species such as stipitate hydnoids and certain Tricholoma species? The enormous

potential of ECMF from different phylogenetic groups to adapt to metalliferous

soils might suggest that this risk is of minor concern, and that other types of

pollution, particularly N emissions, are more important (Arnolds 1991). However,

rare fungi with small population sizes might lack the genetic diversity necessary to

adapt to metal toxicity. Given the high BCFs of certain fungal species challenged

with elements to which they are not adapted, the accumulation of toxic metal

concentrations cannot be excluded. The effects of experimental Ni pollution on

an ECM community were assessed by Markkola et al. (2002), but the analysis of the

ECM community was too coarse to allow conclusions about the effect of low

pollution levels on rare fungi. Nevertheless, this study design hints at an important

question: what is the fate of biodiversity, when pollution starts? Science usually

enters the stage when public awareness and funding are available, for example

when the results of pollution restrictions should be evaluated. Most studies on

ECMF diversity have assessed effects of historic pollution events, the impact of

ongoing pollution due to emerging industrialization in hitherto uncontaminated

areas is rarely documented, but such studies would be required to know more

about the impact of metal pollution on pristine ECMF communities. The study of

sites with a very long or terminated pollution history rather informs about resilience

of ECMF communities, long term impacts on nutrient cycling (Jamnická et al.

2007) and microevolutionary processes (Muller et al. 2007).

11.9 Conclusions

The effects of metal inputs to ecosystems far above natural levels are a priori

unpredictable. The study of naturally or anthropogenically metal enriched sites,

may assist in understanding the fundamental processes of the biogeochemical

cycling of potentially toxic metals in ecosystems and in modelling the potential

pathways of metal pollutants. The ECM association of trees and fungi is successful

in recycling scarce essential metal elements and in colonizing soils with high levels

of toxic metals. Uptake and translocation of metal elements by ECMF account for

major deviations from simple models of soil metal budgets. Despite considerable

conceptual and analytical progress concerning the fundamental biogeochemical and

cellular processes, the role of ECM fungi in metal cycling and budgets has only

started to be recognized by modellers (Rosling et al. 2009). Only a few studies

attempt to link processes to budgets, and the inference of quantitative information

about the role of ECMF in trace metal cycles is still largely based on microcosm

experiments. New technologies for nano-scale element and isotope analysis may

assist in demonstrating the role of ECMF in metal cycles in the field.
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ECMF dispose of a variety of extracellular and cellular metal tolerance and

homeostasis mechanisms. Some of these mechanisms can confer cotolerance of

various metals, while others are metal specific. Metal-adapted ECMF generally

provide better host protection than non-adapted strains.

Accumulation of certain essential and non-essential metals and metalloids (e.g.

K, Rb, Cs, As, Se, Zn, Cd, Hg, Ag) is common in ECMF, while other elements tend

to be excluded (e.g. Al, Pb). BCFs are species, strain and metal specific. A negative

correlation between environmental metal concentrations and BCFs appears to be

the rule. Metal hyperaccumulation is rare in fruit bodies of ECMF but appears to be

rather common in ECM mycelia, which may accumulate a major part of the soil

pools of certain trace metals. The role of ECMF as a nutrient source of rare

elements (e.g. Se) and as an important gateway of toxic metals to vertebrate

foodwebs in polluted areas merits further study.

ECM communities in metalliferous soils are surprisingly diverse, and the diver-

sity of ECMF is likely to be important in alleviating metal toxicity in host trees. The

potential to colonize metalliferous soils is widespread in various phylogenetic

groups of ECMF. The microevolution of metal tolerance does not require popula-

tional differentiation. From a population genetic perspective, metal toxicity is just

another environmental gradient exerting selection pressure. Reports on speciation

in ECMF driven by metal tolerance are lacking thus far.
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Chapter 12

A Conceptual Framework for Up-Scaling

Ecological Processes and Application

to Ectomycorrhizal Fungi

Virgil Iordache, Erika Kothe, Aurora Neagoe, and Felicia Gherghel

12.1 Introduction

Molecular biologists do not attempt to simply up-scale knowledge concerning

macromolecules to the scale of organisms, but use intermediary theories, while

ecologists make intensive efforts to up-scale knowledge concerning the functioning

of tiny organisms to the large scale of ecosystems and landscapes. There is an

implicit recognition of the fact that the first case (up-scaling from macromolecules

to organisms) represents a nested hierarchy of systems, with each hierarchical level

characterized by new, emergent, and in principle irreducible properties (although

reduction attempts are heuristically valuable). In the second case (up-scaling from

tiny organisms to ecosystems), the underlying assumption is that ecological pro-

cesses are basically of the same type over a large range of scales. The problem is to

find a meaningful way to aggregate the processes over different hierarchical levels.

Hence the question: Is the concept “hierarchy of systems” consistent in biological

sciences?

Mycorrhizal fungi, particularly the ectomycorrhizal fungi – (EMF), are well

suited to study up-scaling because of their important role in controlling the func-

tioning of forest ecosystems in view of climate change (see O’Neill et al. 1991).

Recent reviews deal with methodological aspects of the problem (Pickles et al.

2009) and with mechanisms controlling structural changes of the communities over
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a wide range of scales (Wolfe et al. 2009). Wolfe et al. (2009) briefly discuss the

functioning of mycorrhizal communities only to underline the need of research in

this area.

In the present chapter, we focus on the functioning of EMF over scales, which,

however, needs a clear concept about the structural aspects. The goal of the text is to

provide an analytical framework for up-scaling processes involving EMF. Such a

framework has not been proposed in literature but can be developed and then

checked for consistency with the existing literature. As the processes involving

EMF are ecological, one cannot look for the existence of an analytical framework

specific only to EMFs. Consequently, we present a general up-scaling framework

and then apply it to EMF.

We start with an overview of approaches to ecological up-scaling (Sect. 12.2),

introduce a framework (Sect. 12.3), and within this framework identify the relevant

scales for EMF functioning (Sect. 12.4.1) from a structural (Sect. 12.4.1.1) and

functional (Sect. 12.4.1.2) point of view. The problems in interpretation of EMF

responses to disturbances and their succession over scales (Sect. 12.4.2), of their

management for ecosystem services (Sect. 12.4.3), and modeling (Sect. 12.4.4)

provide a complementary perspective. Research directions are presented (Sect. 12.5)

and conclusions end the text.

12.2 Addressing the Up-Scaling Problem

The idea to understand the relationship between patterns and processes at various

scales within a hierarchy of nested systems is currently common to all ecological

disciplines, including EMF ecology (Dahlberg 2001). The study of this relationship

can start with the pattern (detection, description, and analyses of the underlying

process) or with the process (description, simulation, and pattern generation)

(Schroder and Seppelt 2006). The second approach is more interesting scientifically

because it allows for mechanistic, theory-based research questions, a recognized

need in the field of EMF ecology (Bruns and Kennedy 2009).

An objective hierarchy of systems has widely been assumed, but some

researchers have arrived at the conclusion that “ecological hierarchy and asso-

ciated scales do not exist per se; rather they represent an instrument constructed by

the observer or modeler” (Lischke et al. 2006), and “hierarchy theory is but one

way of viewing nature” (O’Neill 1996). Indeed, if one looks at the hierarchical

approaches available in the literature, there is no general approach to the scale

problem. The classic hierarchy of increasing scale systems accepted by most

researchers is organism–population–community–ecosystem–landscape. The diver-

sity of views comes when putting into practice this formal pattern. This can be

illustrated by the study of Bailey (1987), looking for objective criteria for deli-

neating large scale landscapes (ecoregions). The spatial scales of the landscape

units are the plant (10–4–10�1 m2), the patch (100–104 m2), the flowpath
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(102–105 m2), the landscape (integrative flow system 106–4 � 106 m2), and the

region (107–1010 m2) (Reynolds and Wu 1999). According to these authors, the

ecosystem concept fits in the patch level (patch ecosystems form a flowpath).

At the ecosystem scale, the search for objective criteria is related to the delineation

of boundaries between ecosystems (e.g., Fortin et al. 2000). Within ecosystems,

food webs “are portrayed as static networks with highly aggregated trophic groups

over broad scales of time and space” (Berg and Bengtsson 2007). Rillig (2004)

uses three hierarchical levels when conceiving the effect of mycorrhizal fungi on

ecosystem processes: the mycorrhizal fungi, the plants (community and composi-

tion), and the ecosystem. Within the soil compartment of terrestrial ecosystems,

Miller and Lodge (1997) use a complex hierarchy of soil ecology systems, starting

with detritusphere, aggregatusphere, and rhizosphere, continuing with drillosphere

and porosphere, and ending with the soil as a whole. When studying the role of

arbuscular mycorrhizal fungi (AMF) in controlling the effects of CO2 on plants

and ecosystems, Rillig and Allen (1999) use a hierarchy with two branches: host

plant–plant population–plant community and host plant–functional group–ecosys-

tem. Ettema and Wardle (2002) identify as relevant for soil ecology four scales:

the fine scale (at root, organic particle and soil structure level), the plot scale,

the field scale, and the large scale (gradients of texture and soil carbon, topogra-

phy, and vegetation). No explicit dimensions in space and time are given for

these scales, but they also associate specific ecological processes to each of these

scales and discuss mechanisms of process’ disturbance at each scale and point

out qualitatively the connection between scales (“spatial distribution of soil organ-

isms influence both plant growth and plant community structure”). Scaling is

also related to the research on species–area relationships (Dengler 2009a), includ-

ing those of microbes (Zhou et al. 2008); these relationships depend both

on grain size and on the type of organism (Rahbek 2005). A review on the

sampling and mathematical issues of this research area (Dengler 2009b) suggests

a stratified approach at large scale (by environmental gradients, vegetation types,

and landscape sectors) coupled with a nested one at small scale with five subscales

(0.01, 0.1, 1, 10, and 100 m2), thus at least six scales in all (five small and one

large).

The limits of such approaches are:

l If the hierarchy does not exist per se, then there is no objective character of the

entities at the hierarchical levels used, and there is no objective knowledge. This

is a conclusion that is difficult to accept within a science.
l If the ecosystems and landscapes include both abiotic and biotic parts, it is

not clear why the classical nested hierarchy includes only biological sys-

tems (organisms) as its elementary subsystems. Not including the abiotic

factors at all levels leads to bizarre conclusions that the elementary units of

the landscapes, such as the “area” proposed by Lepczyk et al. (2008) in a

landscape ontology, refer only to biological systems such as populations and

communities, and the abiotic factors appear only at larger scales (ecosystem

and landscape).
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l The aggregated trophic groups in ecosystems, including those of soil (Klironomos

et al. 1999), are characterized by very different biomass turnover rates and

species’ dynamics in time; so it is not appropriate to treat the food web as

characterized by an aggregated space-time scale.
l Stating that there is an “influence” of processes occurring at different scales is

far from being enough because this influence depends also on the plastic

phenotypic answer of organisms to soil heterogeneity (Maestre et al. 2003).
l An explicit statement of the time scale of the pattern is needed as well because

the patterns can change in time in function of cyclic (e.g., seasonal) or long

term driving forces (Wong and Asseng 2006). The evolutionary time scale

should not be forgotten because evaluating the significance of biodiversity

only at the time scale of ecosystems may lead to the unproductive (from

conservation point of view) idea of functional redundancy not only in general

but also in the case of soil (Beare et al. 1995).

Pickles et al. (2009) formulate in the end of their review a number of research

questions, the first one of which is crucial for linking space-time scale with

function: what constitutes a belowground community of EMF, and is it possible

to determine the limits of a given “community”? In the next part, we will try to

answer this question and to produce a theoretical framework surpassing the limits of

existing approaches. Our method follows and generalizes Pahl-Vostl (1995), who

came up with a singular approach for identifying ecosystems and clearly delineat-

ing communities. Besides the functional niche in differentiating the modules, she

proposes the use of biomass turnover rate (inversely related to the length of the

life cycle) and of the location in space-time. The application of these criteria would

lead to a “trophic-dynamic module” (TDM). She defines a TDM as the group of

biological populations having (1) similar rates of biomass cycling (inversely corre-

lated with lifetime of the individuals), (2) the same location in space and time, and

(3) similar roles of the species in the food web. Application of criterion one leads to

dynamic classes of populations, and further, application of criterion two leads to

dynamic modules, which by criterion three are split into TDMs. Pahl-Vostl’s

method of systems identification in this formulation still has two problems (a) it

does not explicitly address the abiotic part of the ecosystem, so productivity can be

described only at large ecosystem scales (or the problem is to exactly up-scale from

smaller scale to ecosystem scale), and (b) some populations can have structural

parts with very different turnover rates, or with different functional niches, and it is

not clear how a population can, in this case, be included into a single TDM.

It is clear that a conceptual framework for integrating biotic and abiotic pro-

cesses at all scales is needed. This is obvious now at least for theoreticians and

modelers who are in a position to integrate the available information for fundamen-

tal or applied purposes. For instance, Seppelt et al. (2009) argue that modeling with

reliable simulations of the human–environmental interactions necessitates linking

modeling and simulation research much more strongly to science fields such as

landscape ecology, community ecology, ecohydrology, etc. Such linking cannot be

done in the absence of a formal cross-scales conceptual framework.
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12.3 An Analytic Conceptual Framework for Integration

Across Scales

A thorough conceptual analysis of the terms used in up-scaling research cannot

have a place here for reasons of space, but it is useful to note that even some classic

concepts such as ecosystem are under strong criticism in the current literature.

O’Neill (2001) discusses logical and scientific problems associated with this con-

cept in an article entitled “Is it time to bury the ecosystem concept?” He proposes

that an ecological system is composed of a range of spatial scales from the local

system to the potential dispersal range of all of the species within the local system.

With the same critical attitude, Reynolds and Wu (1999) ask: “Do landscape

structural and functional units exist?”

Looking for the ontological status of ecosystems and landscapes, in the last

decade, we have approached the up-scaling problem in various contexts and pro-

duced step by step, new theoretical elements. Based on the analyses of biodiversity

structure in large rivers, we introduced the concept of emergent TDM, characteriz-

ing each hierarchical ecosystem level (Vadineanu et al. 2001). Then, in the context

of the natural capital management, we discriminated between the concepts of

natural capital and of ecological systems (Iordache and Bodescu 2005). More

recently, we advanced ideas about the integration across scales in the context of

integrated modeling in the biogeochemistry of metals (Iordache et al. 2009a) and for

assessing the effects of disturbance on ectomycorrhiza diversity (Iordache et al.

2009b). Here, we synthesize and further develop these ideas.

12.3.1 Developmental System as the Basic Unit of Ecological
Functioning

In the most general sense, when we declare of an organism that “it functions,” we

mean that it produces biomass, that it reproduces, and that it has biological

productivity. This process conceptually supports both the standard view of ecosys-

tem functions (flow of energy, cycling of matter, self-regulation) and evolution

(recall Darwin’s 1859 “law of growth with reproduction” characterizing the organ-

isms), but at different space and time (ST) scales. However, an organism as an

isolated system cannot “function,” because when the organism grows and repro-

duces, it uses natural resources and services. Darwin did not state this explicitly, but

it is an implicit assumption of the fight for existence introduced in his explanatory

argument for natural selection (the fight for existence cannot be directly deduced

from an empirical “law of growth with reproduction” without scarcity of resources).

Darwin avoided putting growth and reproduction in functional terms (i.e., to say

“the organism uses natural resources and services in order to grow and reproduce”)

because he avoided making use of any teleological principle, being a convinced

Newtonian. But in the current biological thinking, we are used to speaking about
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teleonomic behavior of the organisms, the behavior as if they would pursue the

goals to grow and to reproduce. From such a line of argument (developed in more

detail in Iordache 2009b), we first provide a definition for the basic unit of

ecological functioning: a developmental system (DS) is a teleonomic entity within

its environment producing natural resources and services. Two remarks are needed

now (1) if we include the abiotic resources in the developmental system, it is not

clear why we would not include the biotic resources too because the DS productiv-

ity depends also on biotic resources, and (2) if we include entities with positive

value (resources or entities producing services – e.g., dispersal services) for the

biomass production, we should also include entities with negative value because

both of them influence productivity. In definition, a DS is then a teleonomic entity

(TE) and all environmental entities with value (EV) for it (Iordache 2009a). To

avoid confusion, we mention that EVs are not isomorphic with the multidimen-

sional niche in the ecological sense because they refer not only to external entities

but also to internal ones. Another argument for this lack of overlapping is provided

in Sect. 12.4.1.1.4.

DS is a useful theoretical concept because it fits the formal structure of any

biological organism with structural (internal, e.g., genes) EVs and external EVs (as

“perceived” in its environment), fits the formal structure of human organizations

(with organizational leader in the position of TE and organizational goal as goal

function, the organization system as an extended body with internal EVs, and the

organizational environment in place of external EVs), and fits the structure of

management projects (as short-lived organizations).

The fact that it accommodates both natural and human systems provides a

common theoretical basis for describing coupled natural-human systems (socio-

ecological systems), the connection between biological productivity and organiza-

tional productivity, and for modeling such coupled systems.

12.3.2 Epistemic Status of the Developmental Systems

Here, we provide a way to “translate” the conceptual framework introduced in

Sect. 12.3.1 into measurable phenomena and empirically based scientific knowl-

edge. A DS can be modeled by a state space and the “law of growth” can be

formulated in a such state-space. Usually, any system’s “goal” is formulated as an

attractor point or region in the state space of the properties of the systems or as a

maximization or minimization of an index derived from the space parameters (e.g.,

ascendency in ecology). Here, we introduce the goal of ”growth” through an

underived variable (e.g., biomass) or set of variables (accounting for the life

cycle of the organism) in the state space and the laws of growth through mathemat-

ical functions relating the numerical values of goal variable(s) and the numerical

values of other parameters of the state space. We mention without demonstration

that efficiency and effectiveness of the DS can be introduced from the form of these

mathematical functions, and apparent and general fitness can be related to
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efficiency and effectiveness, respectively; this is a way to a common formalization

of ecological and evolutionary theory. As far as the “reproduction” part of the

Darwinian law is concerned, it cannot be formulated in the same organismic state

space but actually involves a multiplication of the organismic state space within the

integrating populational system (formally as subspaces). The full “law of growth

with reproduction” presupposes the existence (and, from an epistemic point of

view, the modeling) of a system with at least three hierarchical levels: parts of

DS (TE and EVs), the DS per se, and a population of DS. In order to model the

relationships between the DSs of a population or of a community, one needs to

integrate the state spaces of each DS in a higher dimensional mathematical space.

Part of this mathematical space should describe the “objective” environment

between the DSs and include the mathematical functions showing how the common

use of this environment by different TEs leads to a change in the value of its entities

for other TEs. The integrated model would include two types of models: teleonomic

(subjectivistic) of the DS and objectivistic (without goal parameters) submodels

(Fig. 4 in Iordache et al. (2009a) illustrates this point). Both types of models need

the concept of physical time, but the concept of physical space is requested only by

the objectivistic models. The objectivistic model may be needed in two types of

situations (a) the environment of the organisms is very heterogenous, and the

organisms may deal with different values of the environmental parameters, (b)

the organisms perceive the environment in different ways, the value of the environ-

ment for each organism being different as a result of their perceptual differences. If

one assumes that such situations do not occur, then we arrive to a simplified state

space having only one set of parameters for the environment and several goal

parameters (reflecting the number of organisms in the intra- or interspecific

group). In the case of natural selection modeling, this simplification leads to the

replecement of the DS with the organism as the selection unit. However, it is

currently accepted that the manner in which organisms perceive the environment

is in itself a trait supporting the sorting of organisms by natural selection, and the

role of environmental heterogeneity in the selection process is documented as well.

For theoretical reasons (including compatibility with cultural and economic selec-

tion theories), it is more appropriate to consider the developmental system as the

unit of selection, which boils down, in biology, to organisms as units of selection in

a simplified model of the environmental pressure, as we have seen. Describing the

formal structure of these models and deriving from them the Price equation (Price

1995) is a matter of ongoing research. Other aspects of the epistemic status of DSs

as related to their scale will be tackled in Sect. 12.3.4.

12.3.3 Scale and Productivity

We limit this discussion to biological productivity. The timescale of DS productiv-

ity is short and limited to the life of the systems. One scale effect on biological

productivity is given by the ST scale of the TE (organism here). Another scale
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effect is related to the fact that populations of DS of the same species have a larger

ST scale and productivity (due to intraspecific relationships and processes, includ-

ing reproduction). Still another scale effect is related to the communities of DS of

different species, larger in ST scale and having larger productivity as a result of

interspecific relations. One could think further about metapopulations and meta-

communities of DS and so on. All these systems with larger ST scales are ecologi-

cal systems but with various degrees of complexity. This view of ecological

systems is partly convergent with O’Neill’s (2001) view mentioned above, accord-

ing to which an ecological system crosses a range of scales. We underline that we

have not introduced here the concept of “population” and “community” in the

classic sense (of biological individuals) but as populations and communities of

developmental systems, including both organisms and their environment. Also,

there is not a simple ST nesting hierarchy of these systems, and actually there is

no hierarchy at all (see next point for the hierarchy as epistemically conditioned)

because each DS is characterized by its own ST parameters and usually does not

“stay” within the limits of an ecosystem in the standard sense. The more appropriate

representation is that of a network of overlapped basic ecological systems (DSs)

functioning and interacting through objective (nonteleonomic) systems at various

ST scales.

12.3.4 Epistemic Status of Complex Ecological Systems

The fact that the ecological systems more complex than a DS have no definite

boundaries in the Newtonian space is a problem for their description and manage-

ment. Operationally, one can study or manage only structures well defined in a three-

dimensional physical space, not in an n dimensional mathematical space. Even one

DS may spread over many scales, if the EVs from their ET’s developmental system

spread over many scales, namely from scales smaller than ET’s source scale (e.g.,

fungi for plants) to scales much larger than the source scale (large herbivorous

mammals, or seed eating birds, for plants). The solution to this problem is a rough

discretization, the modularization of the system (pointing out its “compartmentalized

architecture” – Moore et al. 2007).

For a modularization in the interest of scientific description, we adapt Pahl-Vostl’s

(1995) trophic-dynamic concept (in line also with Godbold’s 2005 and Satomura

et al. 2006 views) in the following way: a functional dynamic modules (FDM) is a

group of TEs or of parts of TEs having (1) similar rates of TE biomass cycling

(inversely correlated with lifetime of the individuals), (2) the same location in space

and time, and (3) similar functional niches, i.e., relations with TEs of the same or of

different scales. We prefer the term “functional” to ”trophic” because not just the

trophic relations count for the differentiation of functional niches. Another reason is

that we want this concept to be applicable to nonbiological TEs as well. With this

concept, we tackle the TE part of the ecological systems. The abiotic parts (physical

solids, liquids, and gasses) might be tackled by an apparent nested hierarchy
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approach at the scales resulting from the TE systems modularization (Iordache et al.

2011). Down-scaling and up-scaling in their case is a problem of physical modeling

in a large sense.

Specific to the scientific modularization is that the ST scale is not constrained by

the manageability of the delineated system. Some populations of ETs can be

included in more than one FDM at the same time because of their internal structural

diversity (Iordache et al. 2009b) For instance, populations of deciduous tree DSs

have parts with very different rates of biomass cycling, like leaves and wood

(criterion 1), as well as parts with different locations in space like below- vs.

aboveground (criterion 2). Thus, the trees will belong to at least three FDMs: two

aboveground and one belowground. The notions of “same order of magnitude,”

“same location in space and time,” and “same role in food web” are to be defined by

the researcher and can be applied more stringently or relaxed. In the most stringent

application, they will lead to a model identical with the “reality” (“isomorphic”

model). If relaxed too much, they will lead to a model too aggregated, having lost

the key characteristics of the real system (simplistic model). Only at an appropriate

intermediate level will they lead to a model simple enough for explanatory value

but keeping the basic characteristic of the system (“homomorphic” model). The

scale of the FDMs varies hugely, which implies that there is not one “true” scale for

ecological processes. Rather, emergence of new structural (e.g., new FDMs) and

functional (e.g., increase in overall biological productivity or changes in the rates of

biogeochemical processes) properties should be defined and used to derive the

mathematical function that links scale and emergence of new properties in different

areas and in different periods of time (“emergence function”).

As for the functional niche, we have to clarify what it can mean in a context

where there are interactions with systems of many scales. Luck et al. (2003)

introduced the concept of a service production unit (SPU) as a subsystem of or a

full biological population directly contributing to the production of a resource or

service perceived as such by humans. The concept of SPU can be generalized from

the perspective of all other species. For instance, roots can be interpreted as an SPU

for fungi, and sporcarps as SPUs for fungivorous mammals. This generalization

allows for a precise delineation of what part of an EV organism provides value for a

TE organism. For EVs with a scale larger than that of the source scale, we answer

this question as follows: one has to either produce a model linking the EV with the

source scale SPU providing direct services (this works for instance for fine roots of

plants as SPUs for EM fungi) or consider the use of source scale TEs by the large

scale entity as a biotic internal control parameter connected to a fungal SPU (this

could work for consumption of fungal sporocarps by mammals, for instance). By

internal control parameters, we mean those describing the influence from inside the

DS model, but from scales different than the source TE scale; by external control

parameters, we mean those describing the factors influencing from outside the DS

model – e.g., large scale physical ones or human action. For entities with a smaller

scale than the fungal source scale (e.g., bacteria, tiny invertebrates), one needs to

produce a model linking the source scale individual with small scale organisms

through the smaller scale SPU providing direct resources and services (e.g., organic

12 A Conceptual Framework for Up-Scaling Ecological Processes 263



exudates, hyphae) to these smaller scale organisms and then to up-scale the results

of this model to the source scale to form another internal biotic control parameter.

The particular interaction of the source scale individual with each small scale entity

will not count, but the overall pattern resulting from the structural and functional

characteristics of these small scale FDMs will. We can now interpret the functional

niche of a TE as consisting of variables describing the source scale entities with

value for the fungi, the source scale SPUs that are part of larger scale entities

relevant for fungi, and the internal biotic control parameters. This concept of

functional niche is an epistemic one, with no objective reality associated to it. It

will not imply that the developmental system of fungi will not continue in reality to

be spread across scales but that we have to modularize the scale continuum in order

to obtain workable FDMs, which is a strategic part of the epistemic status of the DS.

The DS of a TE (the DS’s “world”) will be modeled not only by the TE’s FDMs but

also by the entire homomorphic model reflecting also the EVs direct relevance for
the TE, i.e., the epistemic status of a DS is related to the production of a structural

homomorphic model and of the associated mathematical models (and of the

hierarchically structured physical abiotic models). Of course, nobody produces

such homomorphic models just for one DS, but for populations of DSs of different

species. The homomorphic model for a single DS is a theoretical case with number

of species one and number of individuals one. This theoretical case is important

when one needs to move the discussion to natural selection, by providing a

conceptual bridge between ecological and evolutionist theories. An important

point is methodological: in an FDM of ecological use, the physical environment

associated with it is considered homogenous and perceived identically not only for

the individuals of the same species but also for all individuals of different species

grouped in that FDM. This leads to the simplification of the state space used in

modeling to make it workable for ecological purposes (where the evolution of the

organisms is not taken into account) and especially for aggregation in view of up-

scaling the ecological processes. Another point is that the space-time windows

associated with the homomorphic models should be chosen, especially in the case

of managerial modularization, such as to be compatible with the human practical

possibilities of action.

The scientific or managerial modularization leads to a nested hierarchy of

ecosystems but not a true one (Fig. 12.1). In this framework, it is not the case that

“holons at level n form the entities at level n þ 1” (Lischke et al. 2006) because

besides the n level entities, there are also new larger scale entities forming the n þ 1

level; each eco-level is characterized by structurally new types of FDMs that are not

found at lower hierarchical levels (Fig. 12.2). Only the representational three

dimensional physical spaces needed for scientific investigation or management are

nested and not the productive systems analyzed within this three dimensional space.

The standard homomorphic model of an ecological system (including compartments

for primary producers, consumers, decomposers, etc.) will be then about interac-

tions of different developmental ecosystems of different scales. What is not seen in

the standard representation is the large number of smaller scale populations of TEs
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Fig. 12.1 The relationship between the scale of biological structural elements and processes

(individuals, populations, left graph – left axes, production and productivity, left graph – right

axes) and the hierarchical structure of ecosystems (right graph). At scales of observation from a to

b (corresponding to ecological level 1), one can perceive all types of individuals (and their

populations) from x to y but only some of the individual types from y to z (and not their

populations). The FDMs including populations of type y to z are said to “emerge” at higher

hierarchical ecological level 2. Grey areas on the right graph suggest the multidimensional spaces

characterizing each ecological level in which the processes supporting the productivity of each

level can be conceptualized. Note that the simplistic linear models (emergence functions) from the

left graph can be cut in a different way, leading to alternative hierarchies. The real forms of the

emergence functions are not linear and depend on the starting point of observation in space
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Fig. 12.2 Theoretical relationships between the number of eco-levels and the number of emergent

FDMs (communities) of each type (Emg_1 to 10) within an eco-level (1 to 10). The color change

from green to red indicates an increase. Biodiversity of the overall biocenoses (system of

communities) is related to the number of FDM types and instances and to the species diversity

inside each FDM
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compared to the large scale ones. Many small scale FDMs are coupled at the same

time to a relatively larger FDM (Fig. 12.3).

Usually, the term ecosystem is used both for scientific and for management

purposes. This leads to conceptual confusion and, as we have seen, even to

proposals of rejecting the ecosystem concept with scientific arguments. Here, we

separate the scientific use from the applied, managerial use, by the additional term

natural capital. An ecosystem is natural capital when the modularization of the

emergence function is done for management goals, i.e., of interest is the value of the

ecosystem for humans. Promoting a separation between basic and applied studies is

in line with other opinions from the literature. For instance, in a conceptual analysis

Yarrow and Marin (2007) conclude that the concept of ecological boundary will

find its primary utility within scientific circles, whereas the system-specific transi-

tion zone is quite useful in public discourse and socioeconomic decision-making.

For a modularization in the interest of management, leading to a theoretical
hierarchy of the natural capital, one has to use only scales appropriate for the

coupling of natural DSs with human developmental systems (organizations, man-

agement projects) by natural resources and services relevant to humans. The

theoretical natural capital hierarchy resulting from a managerial modularization

of the emergence function is a hierarchy of the natural capital, with specific natural

resources and services produced at each level (Iordache and Bodescu 2005) and

Holon a Holon b

Level n

FDM a

FDMc
,,emergent’’

at scale
n+1

,,Level’’
n+1

,,Level’’ n

FDM b

Level
n+1

Fig. 12.3 Simplified representation of a true nested hierarchy (left, applicable, for instance, to
molecules – level n, and cells level n + 1) and the apparent hierarchy of systems (right, resulted
from the epistemic modularization of ecological systems). In the apparent hierarchy (abiotic

physical parts not represented), the holon at n + 1 level includes subsystems that are not present

at n level, which is not the case for true hierarchies. In the true hierarchy, the interactions within the
subsystems of a holon are strong and between holons are weak, while in the apparent hierarchy,

they may be very strong between holons (when, for instance, the FDMs include parts of the same

population of DSs with different functional niches, or parts of the same DSs with different location

in space and time, or different turnover rates)
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with specific managerial organizations created for (“emergent at”) each level.

An emergence function for human developmental systems (organizations) can be

constructed and modularized leading to a hierarchy of socioeconomic systems, with

the importance difference being that this modularization is no longer at the latitude

of the researcher but imposed by national and international institutional reality.

Actually, the theoretical natural capital hierarchy may follow the socioeconomic

current hierarchy for reasons of manageability of the natural modularized entities.

An analysis of the socioeconomic systems (the construction of the organizational

emergence function just mentioned) reveals that the real structure of the natural

capital is not the theoretical one, simply because the modularization of the natural

emergence functions is not only a scientific process but also an institutional one

associated with the functioning of a socioeconomic system that includes the

scientists’ organizations. What is interesting in real management is how particular

organizations and projects deal with the ecological system, what they perceive as

valuable, and how they interact when they want to maximize their separately

perceived values (when they are in a conflict of interests, leading eventually to an

environmental crisis). Exactly at this point, the key role of the theoretical concept of

natural capital is revealed as an attractor for the structure of the real natural capital

if one envisages the maximization of the privately and publicly intercepted natural

resources and services. There is an institutional evolution of the real natural capital

(Iordache 2004) and a cultural history of the natural capital as part of the overall

cultural and institutional evolution. The theoretical concept of natural capital is

useful also as a reference for conceiving the deterioration process – as structural

change leading to the decrease of overall (whatever the intercepting organization is)

natural resources and services produced by the natural capital – and for conceiving

the restoration process (the inverse of deterioration).

Another important distinction to make is that between production and manage-

ment of the natural resources and services. The production takes place at all scales

of the ecological emergence function, but the management can occur only at the

human-relevant scales. One problem is how to take into account the contribution of

small scale organisms (like EMF) to the overall natural resources and services

production at the management scale. This can be done through the SPU concept.

From a managerial perspective, the TEs’ populations of the same species (or

fragments of such populations) found in an FDM constitute service productive

units (SPUs). The SPU concept allows the identification of each species’ contribu-

tion to the overall theoretical or real natural capital value, and on this basis, the

design of targeted management measures. All services provided by SPUs are

dependent on the production of biomass, and the material fluxes associated with

it, but they can range from providing a source of carbon to a simple physical support

(e.g., for smaller scale organisms). One needs long term field studies in order

to appropriately assess the biomass production (Staddon et al. 2002), and hence

the importance of long term ecological research. Besides this ecological knowl-

edge, one will need for its application socioeconomic knowledge concerning the

optimal institutional framework. Optimally, this framework has to allow for the

integrated action of the organizations perceiving different values of the natural
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capital and the integrated implementation of management projects having different

standpoints.

12.3.5 Up-Scaling the Ecological Processes

Up-scaling the biomass production function from original DSs of scale 1 to a larger

target scale 2 is not a simple physical space-time (ST) procedure because it involves

an increase in the complexity of the state space from the original to the target

system. The scale issues are related to the position in space-time (ST) of the original

TEs as grouped in FDMs of their internal and external EVs, of DSs of larger scale to

which they are directly connected, and to the ST patterns of physical processes of

larger scale controlling the value of abiotic parameters relevant for the original and

large scale TEs.

Up-scaling the biomass production function from the FDMs of source scale to

target scale may involve previous down-scaling of other processes. One of these

situations occurs when the source scale DSs use as EV an organism of larger scale

(for instance as a carbon source). In this case, one needs a model down-scaling the

biomass production of that organism to the specific portion of biomass/carbon made

available for source scale organisms, which is different from the model describing

the overall biomass production of that large scale organism. Another situation is

connected to the pattern (perceived at large scale) of distribution in space of the

biomass of source scale FDMs, a pattern controlling the choice of mathematical

tools for up-scaling (excellently reviewed by Lischke et al. 2006). This pattern may

depend in time on external control parameters that can be modeled in space and

time only at large, target scale. For instance, if one predicts with hydrogeomorpho-

logical models the dispersion of a toxic pollutant with a resolution of 50 � 50 m,

this information should be down-scaled if the DSs controlled by this pollutant,

whose up-scaling we are looking for, have a much smaller scale. The particular

distribution at small scale can be influenced by the external control parameters, by

changing the species location in space, changing the species location in time, or

changing the turnover rate of the biomass, with overall consequences on the FDMs

structure and associated productivity.

Within the presented analytical framework, the steps for up-scaling the biomass

production (and related biogeochemical processes) from the original (source) DS

systems could be based on structural aspects like (1) ST location and turnover rate

of the source TEs (characterizing biomass turnover and position in ST of the TEs by

one or several modules reflecting their life cycle and morphological properties), (2)

entities providing resources and services to the original TEs (identifying the EVs

relevant for each TE type by module and characterizing their ST position), (3)

entities using resources and services of the original TEs (identifying the use of

source ET modules as EVs by developmental systems centered on types of TE of

larger scales and identifying the position of these large scale DSs in the system of

target scale), (4) external control factors (identifying the large scale abiotic factors,
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described as external parameters, influencing the DS of the original scale identified

above) and (5) the homomorphic model of the system of DSs and of its integrating

system (identifying the overall ST scale of the system of FDMs characterizing the

source DS, the relationships of these FDMs with larger scale ones and the external

control parameters). In addition, functional aspects include (6) biomass production

functions at source scale (characterization of the production functions at DS,

populations of DSs, and FDMs of the source TEs at the original scale in the field,

i.e., implicitly taking into account the influence of smaller scale DSs), (7) large

scale DSs’ influence on the production function (characterizing the mathematical

functions describing the influence of large scale DSs on the productivity of the

original DSs), (8) large scale abiotic factor’s influence on the production function

(characterizing the mathematical relationships underlying the influence of large

scale abiotic parameters on DSs at the original scale, the space distribution of the

abiotic parameters in the system of target scale with a resolution of original scale,

and the mathematical functions predicting their space-time dynamic and the abiotic

processes involved at the target scales) and (9) large scale abiotic factor’s influence

on large scale DSs connected to the source scale (the same as in point 6 done for the

large scale FDMs mentioned at point 3 keeping into account only the abiotic

processes influencing all DSs whatever the scale). The integration relies on (10)

stratification (stratifying the system of target scale into strata having the scale of the

system of FDMs characterizing the original DS as identified) , (11) production

function by strata as controlled by large scale DSs and abiotic factors (assessment

of the productivity or other associated processes of interest of original DSs by types

of strata, as modeled by the system of FDMs developed within stratum under

the control of larger scale DSs and abiotic parameters, providing the possibility

to correct for results obtained in step 6 by results from steps 7, 8 and 9, and (12)

model up-scaling (extrapolation of production function to the target area of interest

by types of strata).

12.4 Application to Ectomycorrhizae

It follows from above that the up-scaling of the function of EMF cannot be done

without modeling their function. We are still far from reaching this level of

understanding EMF ecology. Below, we will concentrate on the structural and

functional aspects, and less on the modeling side (touched on in Sect. 12.4.4) and

in, particular, on the following questions:

l Howmany hierarchical levels do we need to construct and study from the natural

emergence function in order to fully understand the role of EMF DSs in the

ecological productivity of ecosystems and landscapes?
l What are the appropriate modularization scales for understanding the role of

EMFs? (“which are the most relevant scales of analyses for these organisms?”

Lilleskov et al. 2004)
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l How many types of FDMs are needed for the structural and functional modeling

of EMF communities?

These questions are directly relevant to the discussion of EMFs biodiversity. We

have shown elsewhere that (Iordache et al. 2009b), for instance, it is not meaningful

to interpret EMF patterns of alpha diversity at an ecosystem scale (104–106 m2), but

that this should be done at a much smaller scale (subtree level differentiated by soil

layer). Here, we will not develop, however, this line of interpretation but only take

the steps of the analytical framework introduced in the previous part.

12.4.1 Scales Relevant for EMF Developmental Systems

12.4.1.1 Structural Issues

The criteria for delineating FDMs are, as we have seen, the biomass turnover rate,

the location in space-time, and the functional niche. The functional niche is

discussed in terms of resources used by EMF and organisms using parts of EMF

as service providing units.

Dimension and Turnover Rate of EMFs

The simple parameters characterizing an organism are difficult to determine in the

case of fungi and even more difficult for EMF. The reasons for this are the complex

structure and life cycle of these organisms and the underground location of most of

their parts. An analysis of the EMF individual should in principle differentiate

between fungal tissue (fruiting body – sporocarp, sclerotium, spore), the plant fungal

interface (ectomycorrhizae (EM), also referred to as “root tips” in the literature and

further below), and the soil fungal interface (extraradical mycelium or extraradical

hyphae, which can differentiate rhizomorphs for long distance transport of nutrients

and water) (Satomura et al. 2006). Anatomical details like the dimensions of hyphae,

cell walls, etc., are provided in an excellent series of studies on ectomycorrhizae

(e.g., Agerer andWeiss 1989 and references therein). The hyphae have diameters of

3–5 mm, smaller than many soil pores (Smith et al. 2010). The importance of each of

these potential parts varies with the species. For instance, relatively few EMF are

known to form sclerotia, but when present, they support resistance to disturbance

and recolonization (M€unzenberge et al. 2009). Rhizomorphs can be associated with

root tips, with the extraradical hyphae network between trees, or with the sporocarps.

Further complications (many plant fungal interfaces) occur in the case of fungi

linking several plants. Ectomycorrhizae, rhizomorphs, hyphae, and sporocarps

perform different functions, respond differently to environmental conditions, and

their life span has consequences on soil biogeochemical processes (Treseder et al.

2005).Most microbial measurements to date, such as biomass or hyphal length, have

been single time-point measurements (Allen et al. 2007).
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The delineation of a fungal individual starting from its various parts can be done

by direct physiological continuity or by genetic identity (Smith et al. 1992). Most of

the reported sizes refer to the genets. This may be a false indicator when a physical

fragmentation of an individual, especially at ERH level, occurs. In the case of

plants, a distinction between genets and ramets (physiological individuals separated

from the clone) is made. For fungi, the term “ramet” is not used since anastomoses

of physically separated units may occur. Lamour et al. (2007) analyze, for instance,

the network of an Armillaria species in two 25 m2 plots of natural soil. They found a

density of 4.3–6.1 rhyzomorphs per mm2. At one site, the network consisted of 169

rhizomorphs as edges and 107 rhizomorphs as nodes. Only two critical rhizomor-

phal bridges would lead to the separation of significant physiologically independent

fragments, so there was “low probability that amputation of a randomly chosen

edge would separate the network into two disconnected components” (Lamour et al.

2007). So the dimension of a genet is a fairly good approximation for the dimension

of the biological individual in the case of fungi.

Smith et al. (1992) reported a 15 ha large, 1,500 year old genet of a parasitic

fungi with an estimated biomass of 10,000 kg. Similar investigations are missing

for EMF. While ectomycorrhiza life span depends to some extent on the life span of

the host tree, interconnections between trees are generally found and may be seen as

indication of similar sizes and life times for EMF. Griffiths et al. (1996) reported

that EMF mats may persist 2 years after their host trees have been cut down. The

patch size of individual EMF mats studied by Agerer and Gőttlein (2003) were

several dm2. Within the mats, some species were positively correlated to N–NH4
þ

concentration, to total K, Na, Mg, Fe, Mn concentrations and pH, but other species

distribution revealed no such correlation. The sizes of the genets of three EMF

species studied by Redecker et al. (2001) were 1.5, 9.3, and 1.1 m2. Bruns et al.

(2002b) have mapped and genotyped the fruiting bodies of EMF in a forest in order

to compare the pre- and postdisturbance distributions and identify the causes of

community reestablishment (dispersal or regeneration from local forms of resis-

tance), and the size of the genets ranged from 1 to 102 m2 (estimates from their

map). In reviews, the size of genets is estimated to vary from 10�1 to 102 m2

(Lilleskov et al. 2004), 1 m2 to more than 102 m2 (Godbold 2005), and between

1 and 300 m2 (Wolfe et al. 2009). Inside a genet, the root tip abundance itself may

be patchy (Pickles et al. 2009).

The size of the genets is related to the physiological and reproduction strategies

of the fungi (Table 12.1). The extent of extraradical mycelium for the same species

Table 12.1 Comparison of early- and late-stage ECM species characteristics (Iordache et al.

2009b). The relation to exploration types is hypothetical; the other relations are documented by the

literature

Species/

characteristic

Reproduction Genetic

diversity

Requirement of

C, N, P

Exploration type

Early Primarily by spores Higher Small Mainly medium and

long distance

Late Primarily by clonal

expansion

Lower Greater Mainly contact and

short distance

12 A Conceptual Framework for Up-Scaling Ecological Processes 271



may depend on environmental variables (Scattolin et al. 2008), and consequently,

the individuals of the same species may have different locations in space as a

function of abiotic factors.

The information about the life time of a genet is very important for understand-

ing the speciation process, but from a short and average timescale perspective, the

turnover rate of the biomass of a genet’s parts is of interest as well. The turnover

rate may be estimated not only from the life span of the parts but also as a function

of the decomposition of the associated organic matter.

Rygiewicz et al. (1997) found an average median lifetime for mycorrhizal tips

of 139 days (lifespan þ decomposition), ranging from 123 to 185 days for the

eight treatments in the 18 month study period. These authors also review the older

literature, some of which report a much longer life time of individual root tips

(2–4 years). Treseder et al. (2004) screened the literature showing that ages

extended from 1 to 6 years (including errors and sample variability), a range

that overlaps with the 0.25–4 year life spans reported in other studies that have

visually tracked ectomycorrhizae. The fine root turnover rate is dependent on

external, large scale abiotic parameters such as CO2 concentration (Tingey et al.

2000), with consequences on the root tip FDMs. But “ECM turnover need not

precisely mirror root turnover. A number of ecological factors may influence

fungal lifespan independently of roots, including life history of the fungal species,

predation on the fungi, and shifts in the allocation of host plant C to the fungi”

(Treseder et al. 2004).

The hyphal life span is reported to be 5–7 days (Godbold 2005), less than 1

week, although a subset can live for more than 1 month (Staddon et al. 2003). For

rhizomorphs, this may be even longer. A discussion about the turnover rate of ERH

is made in Godbold et al. (2006), mentioning that the turnover time may be longer

than 30 days depending on the methodological details of the estimation. For

comparison, turnover rates of leaves are about once per year and those of fine

roots about three times per year (Godbold et al. 2006 and citations within). The

turnover rate of organic matter derived from dead hyphae is much longer than the

life of the hyphae because of recalcitrant substances like chitin. Due to the high

turnover rate, “the mycorrhizal external mycelium was the dominant pathway,

62%, through which carbon entered the soil organic matter pool, exceeding the

input via leaf litter and fine root turnover” (Godbold et al. 2006). Coutts and Nicoll

(1990) report several months of life for rhizomorphs. In another study, rhizomorphs

lived an average of 11 months in control plots, indicating that many individual

rhizomorphs survive at least part of a nongrowing season (Treseder et al. 2005).

Mushrooms (sporocarps) are short-lived, with an age of 1–2 weeks, and are formed

by labile carbon derived from the ERH mycelium (Treseder et al. 2004). Based on

the above information, we conclude that parts of EMF would fall, based on the

biomass turnover criteria, into two dynamic classes: one with fast turnover rates

(hyphae and sporocarps) and one with smaller turnover rates (ectomycorrhizae and

rhizomorphs).
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ST Location of EM Fungi

Locating an EMF individual in soil is a difficult task, taking into consideration its

distribution between the interface with the plant, soil, and sporocarps (Pickles et al.

2009). There is an obvious difference between the location of aboveground spor-

ocarps and belowground structures. For the belowground parts of the fungi, there is

solid knowledge supporting the idea to differentiate between soil horizons, as

documented below.

Vertical location A niche separation of EM species in coarse woody debris and

mineral soil was reported by Tedersoo et al. (2003). The web of ERH not only

colonized mineral soil, but was also abundant in litter and decaying wood (Buée

et al. 2009). ERHs were differently distributed in logs, stumps, forest floors, and

mineral soil (Goodman and Trofymov 1998). The vertical, gradual differentiation

of EMF community structure with depth has been documented (Landeweert et al.

2003; Calvaruso et al. 2007; Courty et al. 2008). Dickie et al. (2002) also report the

vertical niche differentiation of ERH in soil. In a detailed study, Gebhardt et al.

(2009) analyzed only a 3 cm organic layer and cut it into 1 cm slices. Even at this

resolution, they identified two organic sublayers with different EMF communities

(only four species in common). The vertical patchiness of EMFs is related to the

distribution of substrates (Genney et al. 2006) and soil horizon properties (Rosling

et al. 2003; Baier et al. 2006). This vertical partitioning can be interpreted more

generally as niche portioning based on soil chemistry: nitrogen (ammonium)

content, base saturation, carbon age, and soil moisture (Peay et al. 2008). Speciali-

zation of ERH parts of EMF may also occur with respect to organic matter content,

leaf litter type, and litter source (Rillig 2004). Vertical niche partitioning is thought

to be one way by which the high species diversity of mycorrhizal fungi can be

maintained at small spatial scale (Wolfe et al. 2009). The EMF role changes with

depth, not only because some EMF prefer organic or mineral soil layers but also

because the number of root tips and mycorrhized root tips (EV for EMFs) vary with

depth (Scattolin et al. 2008).

From this information, we infer that the aboveground sporocarps should be

included in a separate dynamic module, and the belowground root tips and ERHs

should be split vertically at least into two dynamic modules as a function of the

organic matter content of the soil layer.

Horizontal location The available information concerning the horizontal distri-

bution of EMF refers to individuals (genets), populations, and communities. Addi-

tional information is provided indirectly by niche differentiation as a function of

host species and by the possibility of connecting several hosts. Such information

can be coupled with the hosts location in ST in order to locate the host-specific

EMF.

At the individual level, a cluster of root tips colonized by the same species is

likely to be colonized by the same genet (Godbold 2005). EMF with saprophytic

abilities colonize (by their ERH) the litter layer and discrete patches of organic

nutrients (Graham and Miller 2005). Genet size patterns may be different as a

function of the site, and large genets may have smaller scale structures because of
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fragmentation and intense colonization of microsites (Lilleskov et al. 2004).

Another problem in investigating the spatial structure of EMFs can also be the

cryptic nature of some genera like Cenococcum geophyllum (Pickles et al. 2009).

This genus was found to be distributed ubiquitously at a local tree plot scale, but

patchily at microscale (within the 5 � 5 m, Matsuda et al. 2009), and with a large

genetic diversity even within a single soil core (Douhan and Rizzo 2005). Clearly,

genetic tools have to be applied for characterizing the ST location of such species

(see Sect. 12.5, research directions). In a study of the genet distribution of spor-

ocarps and ectomycorrhizae of Suillus species, Hirose et al. (2004) found in a

20 � 24 m plot four genets from sporcarps, which coincided with those identified

for EMFs; the spatial distribution of EMFs of each genet were wider than those of

sporocarps, the area occupied by each genet differed considerably within the plot.

Species are likely to differ in spatial colonization patterns because of different

internal genet structure and rates of vegetative expansion (Lilleskov et al. 2004).

These authors report that dominant EMF taxa showed patchiness at a scale of less

than 3 m, with a range from 0 to more than 17 m. Minimal and maximal distances

between cores for stand level EMF characterization are proposed to be 0.25 and

300 m (Lilleskov et al. 2004). Metapopulations of EMFs with epigeous fruiting

bodies are genetically homogeneous over large distances (1 km), while those with

hypogeous fruiting bodies tend to differentiate genetically at much smaller scales

(Wolfe et al. 2009).

Griffiths et al. (1996) use two scales for the investigation of EMF: sampling

within a stand of 2 � 10 m (to see the effects of forest floor attributes, understory

vegetation, and other species of fungi) and a sampling of stands located in the forest

(to see the effect of succession gradients). They found no correlation with the forest

floor, but proximity between EMF mats, distance from the closest tree, and density

of living trees in a stand had an impact. At scales of <4 m, there is a high

community similarity, while at scales of <20 cm, the community is temporally

dynamic, suggesting a high degree of species turnover probably due to root

senescence (Wolfe et al. 2009). “Late stage fungi” can be found on roots closest

to the trunk of the tree and “early stage fungi” on roots farthest from the base of the

tree (Wolfe et al. 2009, see also Table 12.1), which was interpreted as a succession

in ectomycorrhizal development. These patterns may be indicative of niche differ-

entiation by host tree species and the influence of the neighboring tree of the same

or of different species on the host tree community, as documented below.

The structure of an ectomycorrhizal community depends on the host trees and

host range of the fungi (reviewed by Bruns et al. 2002a; Buée et al. 2009).

Sympatric oak species had different EMF community structures (Morris et al.

2008), partly explainable by extractable phosphorus, but mainly attributable to

the tree species. Host specificity is a niche dimension in itself (Peay et al. 2008).

“Selection pressure for host specificity may not relate as much to interspecific

interactions between trees in later stages of succession but rather to adaptations to

marginal habitats (post disturbance) by the plant and its fungal symbionts” (Horton

et al. 2005). Neighboring tree species identity shaped the EM community structure

of the host, and the effects were specific to host–neighbor combination (Hubert and
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Gehring 2008); tree species may serve as reservoirs of EM inoculation to one

another. At the ecotone of a forest, there was an advancing front of EMFs by

dispersal on barren soil, followed by trees, the invasiveness of a tree species being

regulated by the spatial pattern of fungal inoculum in the soil (Thiet and Boerner

2007). Oak seedlings were less infected by EM fungi in a forest dominated by a

different tree species than in oak forests, with consequences to the productivity

(lower dry biomass, Lewis et al. 2008).

Another mechanism supporting the patterns is generated mainly by long range

exploration fungi connecting trees and trees with mycoheterotrophic species. An

implicit idea from Horton and Bruns (2001) is that this networking by fungi can be

made not only by long distance exploration types but also by short distance types

when the roots of the trees spatially overlap. Orchid EMF can simultaneously form

ectomycorrhiza with forest trees (mycoheterotrophy, Bidartondo et al. 2004). The

EMF can interconnect roots of the same or different species (Simard and Durall

2004). The same idea is also supported by Horton and Bruns (2001): dissimilar

plants are associated with many of the same EMF on a small enough spatial scale to

share those fungi. The observed structure at the tree and intertree levels may be

different also because the observation of low abundance fungi as hyphae or tips is

not possible. For instance, Koide et al. (2005) observed in a community some

species as root tip, but not as hyphae, and vice versa. As long as we are interested in

the function of EMF at an ecosystem level on short and average term, these

methodological limits are acceptable.

Based on the above elements (which in the case of intertree location also include

elements related to the functional niche), one has to separate the fungi species into

potentially six dynamic modules in the two dimensional space:

l At tree level (about 4 m around the tree) and at plot level (group of trees and

mycoheterotrophic plants occupying a surface of 400–900 m2)
l Three types of functionally differentiated plots (a) with trees of the same species,

(b) with trees of different species, and (c) intertree-mycoheterotrophic plant

level
l Tree level dynamic modules in function of their position inside the forest: those

at the ecotones between different vegetation patches should be placed in separate

strata

Location in time Some EMF populations build up mostly in winter and others in

summer periods (Courty et al. 2008; Buée et al. 2009 and the references within).

Koide et al. (2007) found an even more complex temporal partioning of niches:

three groups of EMF separated in time over 13 months with respect to their hyphae

in the bulk soil (ERH) and two groups of EMF separated at the same time with

respect to their parts associated to roots. EMF sporocarps may have a specific

location in time. For instance, Nara (2008) reports on the seasonality of sporocarp

formation in a volcanic desert on Mount Fuji, Japan.

Related to the location in time, some authors use the notion of “ectomycorrhiza

turn-over,” referring not to the biomass turnover but to the community change over

time. Izzo et al. (2005), for instance, conclude that “annual occurrence of the
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dominant ectomycorrhizal species was constant at larger spatial scales but varied

more across years at a fine spatial scale. Turnover of ectomycorrhizal species

between years was observed frequently at scales<20 cm.” Such information cannot

be used for delineating the location in time of the communities unless some

periodicity of community structure at the multi-year level is observed (and then

the homomorphic model of the study system should be constructed with a multi-

year characteristic timescale).

Based on the existing information, it seems that in some cases, several dynamic

modules separated in time could be differentiated for each FDM separated in space.

However, it is too early to generalize this. The decision in a real situation should be

made after at least 2 years of monitoring the structure of an EMF community.

Resources for Ectomycorrhizal Fungi and Their Space-Time Location

In general terms, fungi are considered to be organisms that strongly influence the

microscopic and the macroscopic world (Peay et al. 2008) and a good model for

experimenting with the coupling between processes of different scales and con-

necting soil microbes with animal populations via the direct effects on plants

(Smith et al. 2010). The EVs with positive value for EMF are soil abiotic mineral

and organic parts, litter, plants, and bacteria.

Many basidiomycetes EMF have retained some of their saprophytic abilities,

and thus have the potential to access organic sources of nitrogen and phosphorus

and to degrade the lignocellulose fraction of dead plant material (Graham and

Miller 2005). A key service provided to fungi by plants is the carbon transfer to

the fungus in the fine roots (Dell 2002), with the extra carbon accumulating at the

edge of the hyphal mat. Fungi also redistribute water from moist layers to upper dry

layers (“hydraulic lift”), which is beneficial to soil microorganisms and increases

the availability of nutrients to plants (Liste and White 2008). In addition, bacteria,

archaea, phages, saprophytic fungi, and soil fauna may interact with EMF (Buée

et al. 2009).

Biological factors influencing the structure of soil microbial communities (Buée

et al. 2009) are: plant developmental stage, plant species, and plant cultivar (genetic

diversity). Mycorrhizae affect the functional diversity of rhizosphere bacteria,

fungi, and other microbes (Buée et al. 2009 and the references within). In turn,

EMF can be supported by rhizosphere bacteria, a phenomenon that lead to the

concept of “mycorrhization helper bacteria,” reviewed in detail by Tarkka and

Frey-Klett (2008). The distribution of “mycorrhization helper bacteria” followed

the vertical EMF stratification both at tree level and between trees (Calvaruso et al.

2007).

A service provided to EMFs by other fungivorous organisms is spore dispersal.

A variety of organisms have been shown to move viable spores of mycorrhizal

fungi at scales from cms to kms (Wolfe et al. 2009). This is an important aspect

because the scale of selection operating on EMF with direct consequences on

genetic divergence (and in time speciation) is related to the maximal dispersal
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capability of the fungi. Direct evidence of EMF spore dispersal by mobile animals

was produced and reviewed by many authors (e.g., Johnson 1996; Carrey and

Harrington 2001). In an excellent study, Lilleskov and Bruns (2005) found that

EMF spore densities were high in the guts of arthropod fungivores (mites, springtails,

millipedes, beetles, fly larvae) but present also in arthropod and vertebrate predators

(centipedes and salamanders). A low percent of the spores had intact nuclei in

predators, but most of the spores in the fungivores had intact nuclei and seemed

viable.

Organisms Using Resources and Services Provided by EMF

Organisms using EMF can be interpreted in many cases as EVs with negative value.

In the particular case of trees and fungivorous animals, there is a reciprocal use (þþ
interspecific relationships).

The key organisms benefiting from EMF are trees. EMF assist forest trees in

exploiting the soil, in uptaking nutrients by solubilizing soil minerals with organic

acids (Buée et al. 2009) and in mobilizing organic forms of nutrients by enzymatic

activities (Courty et al. 2005). The variation in EMF perceived by the host plant

may be of a discrete (presence – absence of EMF) rather than continuous nature

(variation in identity or abundance of EMF) (Karst et al. 2008). The ability of EMF

to capture and transport nutrients is believed to be strongly related to the explora-

tion ability and function of ERH. The relevant contribution to nutrient uptake is

estimated by the proportion of root tips colonized (Graham and Miller 2005).

However, root colonization may not be a good predictor for nutrients uptake

(Graham 2008). Instead of this, measurement of lower level mechanisms for

nutrient uptake being needed is preferred; but it is difficult to scale up the informa-

tion thus obtained to the field. Secondary services are also provided. EMF species

differ in the ability to capture nutrients, uptake water, protect against pathogens,

and increase tolerance to heavy metals (Godbold 2005), unfavorable pH, or salinity

(Dell 2002).

EMF can transfer carbon and nutrients between host plants or to mycohetero-

trophic plants (Bidartondo et al. 2004; Buée et al. 2009; Leake and Cameron 2010)

and can facilitate interplant transfer of carbon, nitrogen, phosphorus, and water,

eventually following source-sink gradients between plants (Simard and Durall

2004). Mycoheterotrophic and mixotrophic plants are dependent on the transfer

of carbon by EMF networks, which in turn depend on their host photosynthetic

plants (review in Selosse et al. 2006). Hyphal connections can also maintain

physiological continuity between ramets of plants (Hutchings and Bradbury

1986) or between a tree and seedlings (Simard et al. 1997).

EMF provide an energy supply to the detrital food web as a result of the large

hyphae turnover, benefiting saprophytic microbes and other soil organisms (Dell

2002). The EMF mycelium constitutes the largest part of the biomass of most EMF

species (Godbold 2005). The hyphal mantle mycelium and extraradical hyphae can

have a biomass of 500–700 kg/ha (Godbold 2005). The EMF mycelium supports
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the activity of free living decomposers (Buée et al. 2009). EMF also provide food

by mycophagy of the sporocarps (Dell 2002; details in Sect. 12.4.1.1.3 under the

service of spore dispersal).

EMF provide indirect services to many organisms related to the structure of the

soil (increasing the formation of soil aggregates) and to the cycling of nutrients

(replenishment of the available nutrients pool, Dell 2002). Rillig and Mammey

(2006) review how mycorrhizal fungi can influence soil aggregation at various

scales. Many services provided by EMF SPUs might occur by this mechanism, but

their understanding and quantification is still a matter of further research. EMF can

also indirectly affect plants. In a review, Koricheva et al. (2009) analyze indirect

effects of mycorrhizal fungi on insect herbivores. They describe significant effects

on all aspects of insect herbivores performance, including consumption, growth

rate, mass, fecundity, survival, and density. The scale of this influence is dependent

on space and time distribution of the insects.

It is clearly documented that soil invertebrates disrupt the carbon flow through

mycorrhizal networks by feeding on hyphae (e.g., collembola, – Hiol Hiol et al.

2004, orbatid mites – Schneider et al. 2005). But, taking into consideration the high

turnover rate of ERH and its very complex network (Lamour et al. 2007), the

negative influence of this consumption on the connections between plants sug-

gested by several authors is questionable (Moore et al. 1985; Johnson et al. 2005).

However, predation at the rhizosphere level may have an aboveground effect on

plant primary production if such interspecific interactions have an important influ-

ence on the overall pattern occurring at the root FDMs level (Moore et al. 2003).

Earthworms (Szlavecz et al. 2009) may also disrupt the mycelia through soil mixing

and burrowing, and changes in nutrient availability by altering litter quality and

quantity occur, resulting in a shift in the composition of the fungal community.

Humans also use EMF, but we do not discuss this here because the mechanisms

supporting the use of EMF are not biological alone (see Sect. 12.4.3). In light of the

literature reviewed here, the functional niches occupied by the EMF seem to be no

more diverse than those already identified in Sect. 12.4.1.1.2 based on the species of

the host plants and the number of hosts. Before looking at the structure of the

resulting homomorphic model (Sect. 12.4.1.1.6), we will briefly mention the exter-

nal control factors influencing the EMF system.

External Control Factors

External factors should not be confused with the parameters describing them. The

parameters resulting from the effect of the factors can be measured at all scales

(e.g., concentrations of toxic metals), including within the EMF developmental

system, but the action of the factor (pollution with metals by dry deposition) is from

outside the system. From a scale larger than their DSs, EM fungi are affected by

fire, increase of CO2 in air, warming, drought, nitrogen deposition, deposition of

toxic substances, and management practices. There can be direct effects or/ indirect

effects of one factor (e.g., by plants). The effect of coupled external control factors
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may be different than the separately considered effects. More information on the

references supporting this statement and about the effects of these factors is

provided in Sect. 12.4.2 under the heading of disturbance mechanisms, because

the external control factors are investigated in fungal research only in the context of

their effects.

The Homomorphic Model for Up-Scaling

The homomorphic model of the community of fungi DSs is presented in Fig. 12.4.

Some of these FDMs could be split into several ones separated in time with seasonal

periodicity (see Sect. 12.4.1.1.2).

The extraradical FDMs, located between trees, and the sporocarps’ FDMs do not

include only the EM fungi but also other fungi if present in the same ST location,

The root FDMs, as well, may not only be limited to the EM fungi present in the

rhizosphere but could also include other fungi (eventually mycorrhizal) along the

mutualism–parasitism continuum (Schulz and Boyle 2005), if present in the same

V1

F1a

–1 (min
DS) scale

+2 (max
DS) scale

Target
scale

External factors

+1 scale

Source
scale

F3a V2 V6F4a F1’aV4a V4’a

F1b F3b V3

V5F5

V7

V8

F4b F1’bV4b

V4c V4’c

V4’b

Fig. 12.4 Maximal homomorphic model of a community of EM fungi DSs (relationships not

represented for reason of visibility; a connectivity matrix can be easily constructed using the

information presented in the text). The scale refers to scale in space, not in time. The physical part

is not represented. The part of the model within the source scale (within a stratum) is the

homomorphic model for up-scaling under the constraints from FDMs of different scales and

external factors. Legend: the ET is noted with F (from fungi), the EVs with V (from value);

F1a,b ¼ fungi parts (root tips in the case of EMF) in two vertical layers at the roots of tree 1,

F10a,b ¼ fungi parts in two vertical layers at the roots of tree 10, F3a,b ¼ hyphae in the extra-

radical mycelium in two vertical layers, F4a,b ¼ rhizomorphs in the extraradical mycelium in two

vertical layers, F5 ¼ sporocarps, V1 ¼ bacteria, V2 ¼ mineral P and N, V3 ¼ organic P and N,

V4 ¼ trees (a,b ¼ roots by layer, c ¼ aboveground parts), V5 ¼ mycoheterotrophic plants, V6

¼ soil microinvertebrates, V7 ¼ fungivorous invertebrates, V8 ¼ fungivorous mammals
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ST location. To the extent that interspecific interactions within the fungi species of

a FDM are important, they should be taken into consideration when assessing the

roles of an individual EMF species, or the EMF community as a whole by each

FDM.

We need four (apparent) hierarchical levels for understanding the ecological

functioning of EMF communities, and one more level eventually for management

purposes, if the target scale (of management) is larger than the maximal DS scale

(given by the size of fungivorous mammal populations). One more scale should be

added if one looks also for speciation processes (Sect. 12.4.1.2.2). There is a conver-

gence with the opinion of other authors about the number of needed scales but not

about exactly what those scales are. Wolfe et al. (2009), for instance, “believe four

scales are most relevant for the discussion of spatial pattern and process ofmycorrhizal

population and communities (1) across landscapes, (2) within plant communities/

ecosystems, (3) within an individual host root system, and (4) within an individual

mycelium.”

12.4.1.2 Functional Issues

Stratification

According to the review of the literature, the basic unit for stratification of the target

system in the case of EM fungi is a 400–900 m2 tree plot. However, as we have

shown in Sect. 12.4.1.1.2, several classes of tree plots should be differentiated as a

function of the position in the center or at the ecotone of the target system and as a

function of the structure of the vegetation. Other criteria might include management

practices. As the differences between the soil horizons of the EMF community can

be modified by liming, in addition to the tree host species (Rineau and Garbaye

2009), it means that one should stratify the target system both as a function of the

vegetation structure and of (at least in part) the management measures applied. In

general, the principle for stratification should be that one stratum type corresponds

only to one type of homomorphic model of the EMF community, as reflected both

by the fungi per se and by their symbiotic hosts.

Scale-Specific Mechanisms of EMF Productivity

We have touched on these mechanisms in the previous part because researchers

rarely look only at structural issues without approaching the functional aspects as

well. Here, we attempt to systematize the information from the scales and systems

synthesized in Fig. 12.4. Most of the knowledge concerning the productivity

mechanisms of EMF is in a verbal, nonmathematical form.

Organism and population level Function at the organism level is supported by

metabolic processes and ecophysiological processes (in the classic sense).

The scarcity of literature concerning the function of an individual fungi in an
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ecological context is probably due not only to experimental difficulties but also to a

lack of concentrated effort on a model species. Fungi seem to not yet be in the focus

of systems biologists. We have not insisted on the exploration of this type of

literature. In a singular study, Ritter et al. (1989) analyzed in detail cytological

aspects of the stages of ectomycorrhizal vitality. Smith et al. (2010) characterized

plant-inducible phosphorus transporters in fungi and mycorrhiza-inducible trans-

porters in plants. Lewis et al. (1994) studied the effect of CO2 on an individual

plant–fungi system; the pattern of results with the same control factor was found to

show interspecific variation between EMF species. A new approach for the study of

in vitro transport of amino acids in hyphae is proposed by Watkinson et al. (2005).

Bonneville et al. (2009) report a first direct observation of the effect of a soil fungus

on the surface of a mineral. A recent review (Rosling 2009) summarizes the current

knowledge on fungal weathering as affected by experimental setup and conditions

(pure or symbiotic growth, nitrogen source, the means of detecting weathering

activity and the species examined).

The extra productivity (compared to the individual level) emerging at the popula-

tion level is in principle related to the intraspecific mechanisms. We have not found

literature about such interactions, and this is probably due to the methodological

difficulties in delineating such individuals.

Tree and plot levelWe refer here to the fungal FDMs at tree and intertree levels,

within each stratum. Each such FDM should correspond, in our opinion, to a

community in the classical sense (it is the system within which alfa diversity should

be measured). The extra productivity at this level is due to interspecific interactions;

however, the literature does not always make clear what kind of diversity is

discussed with respect to its effects.

A review of the EMF community ecology was done by Dahlberg (2001). Data

aggregation at different scales may lead to different control variables for the

community composition; soil parameters at subplot level, but plant community at

plot level (Fitzsimons et al. 2008). We interpret this as being within FDM diversity

at subplot level and between FDM diversity at plot level. Some EM species were

found significantly more frequently as mycelia than as root tips, while others were

less dominant as mycelia than as root tips (Kjoller 2006). We can interpret this as

being a consequence of the exploration type in the FDMs structure. Kranabetter

et al. (2009) found significant changes in an EMF community along a 25 km

productivity gradient (to nitrogen rich sites). EMF species abundance in relation

to site productivity included parabolic, negative, linear, and exponential curves.

A functional diversity of EMFs was observed, with the specialization of EMF

communities contributing to the successful soil exploitation by a single tree host

species. The phenotypic plasticity of the tree species was much enhanced as a result

of the interaction with the EMF. The diversity described by Kranabetter et al.

(2009) seems to be of at least gamma type (aggregates of communities).

The detailed heterogeneity of abiotic parameters at the FDM level might influ-

ence the functioning of the community. A detailed review of the space-time

heterogeneity of key abiotic parameters at rhizosphere level was done by Hinsinger

et al. (2009). They point out that the integration of such models into root growth and
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root architecture models for up-scaling of rhizosphere processes is still a matter of

future research, but no knowledge of fungal distribution at this fine scale (to be

related to the abiotic parameters) is referred to.

The interaction of EMF with lower scale EVs increases their productivity. The

coinoculation of EMF with bacteria increased mineral weathering, plant uptake of

soluble forms of K and Mg, and tree biomass, as compared to simple EMF

inoculation, while the bacteria alone had no effect (Koele et al. 2009). The

relationship between two plants at the same time may increase the productivity

too. Intertree EM linkages can reduce plant competition for resources, promote

forest recovery, and influence the pattern of plant succession (Amaranthus and

Perry 1994). Seedlings were hydraulically linked by the mycorrhizal network to

large trees in a study by Warren et al. (2008).

Some generalizations accepted for AMF could also hold for EMF. The species

composition and richness of AMF was found to be an important contributor to plant

species composition and productivity, with an effect mainly on subdominant plant

species, and with different plant species benefiting from different AMF taxa (van

der Heijden et al. 1998). The external driving factors affect both AMF and EMF.

For instance, Godbold et al. (1997) found changes in the relative proportion of

EMF to AMF as a result of elevated CO2 concentrations. Consequently, the roles of

EMF and AMF in the functioning of the vegetation communities, especially in the

up-scaling context, should probably be approached in an integrated manner. It is

clear that the FDMs should be seen as based on fungi species, not just separately on

EM, AM, or saprophytic fungi, especially in the case of the FDMs associated with

the external mycelium.

Ecosystem level We refer here to systems of FDMs from the plot scale up to the

“ecosystem” scale, to the control of EMF productivity by feedback from the host

plants, and to indirect effects by changing the soil structure. The scale approached here

is that between the stratum and the target scale envisaged in the up-scaling procedure.

The intermediate scales to be tackledwill depend on the organisms retained as relevant

from the point of view of direct and indirect interactions with the EMF.

In an excellent review of mycorrhizal–plant–insect interactions, Gehring and

Bennett (2009) summarize the proven effects of mycorrhizal plants as follows:

negative on root herbivores, positive on pollinators, negative, neutral, or positive on

herbivores, and positive or negative on herbivore enemies. Each such group is

characterized by specific scales, and the decision whether or not to include these

interactions in the overall homomorphic model for up-scaling should be done as a

function of the feedback effects of these groups (as influenced by EMFs) on the

primary productivity of the ecosystem and on the dynamic of carbon in the forest floor.

Other complex effects come from the action of external driving factors on

several types of organisms of different scales. In many systems exposed to elevated

CO2, mycorrhizal fungi sequester increased amounts of carbon in living, dead, and

residual hyphal biomass in the soil (Treseder and Allen 2000). When this is coupled

with nitrogen deposition, an increased turnover rate of hyphal biomass can occur.

The two processes are associated with a shift in the EMF community’s composition

as a result of physiological interspecific differences.
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The facilitative effects of mycorrhizal fungal networks depend on the seedling

species identity, mycorrhizal identity, plant species combination, and study system,

but seedlings associated with EMF benefited in the majority of reported cases (van

der Heijden and Horton 2009). Southworth et al. (2005) applied the network theory

to mycorrhizal networks from a phytocentric and fungicentric perspective and

concluded that all individual plants are more or less equal in linking fungi, but

from a mycocentric perspective the network is scale free (Barabasi and Albert 1999;

Barabasi and Bonabeau 2003), meaning that certain species of fungi act as hubs

with frequent connections to the other elements of the network.

Productivity may be increased also by changing over time the structure of the

soil. While AMF produce large quantities of glycoproteins in soil (1.45 � 106 g/ha,

3.2% of the total soil carbon in the 0–10 cm soil layer, Lovelock et al. 2004), EMF

are characterized mainly by the production of extracellular enzymes responsible for

the mobilization of organic carbon and associated nutrients (Maijala et al. 1991;

Courty et al. 2005). Both mycorrhizal fungi types also produce effectors responsible

for colonization (Martin and Nehls 2009). The influence of AMF’s ERH on soil

structure might be of even greater importance to the carbon stock than the influence

of hyphal standing crops (Miller and Kling 2000), and this statement can hold as

well for EMF. This is because, in both cases, there are feedback responses between

the soil and canopy mediated by fungi and supported by mechanisms linked to

nutrient acquisition and the allocation of the tree’s assimilated carbon by mycor-

rhiza or indirectly by litter fall.

EMF may facilitate the dispersal of plants and thus increase the productivity of

the target system. In an interesting article, Thiet and Boerner (2007) studied the

EMF’s role at the ecotones of a forest. The invasion of a pine species on an

unforested area was dependent on the previous dispersals of EMF either as spores

by animals or wind, or as hyphae from the ecotonal trees. The latter mechanism

proved in this case to be the most important for pine seedlings, underlying the need

for a stratified analysis of EMF’s role in the central and peripheral parts of the

forest.

At the ecosystem scale is supported also the stability of the fungal community,

by dispersal between plot scale areas. With regard to the stability issue (and

assuming that diversity is directly related to functional stability), in a study of

tree islands ranging from <10 to >10,000 m2 (Peay et al. 2007), the species area

slope was similar to slopes for macroorganisms, suggesting that microbes are not

ubiquitous even in suitable habitats (if small); the trade-off between dispersal and

competition played an important role in structuring EMF assemblages.

Speciation of EMFWe refer here to systems larger than ecosystems, at the scale

of which speciation of EMF occur. This scale has not been discussed or included in

Fig. 12.4 because the up-scaling is usually only needed for management over a

short time, without taking into account speciation. Underlining of the importance

of evolutionary processes is needed, both for diversity conservation and for the

interpretation of the apparent redundancy of species within the FDMs. The large

number of rare EMF species (as indicated by non saturated rarefaction curves)

indicates a functional redundancy in the relatively short term, but this apparent

12 A Conceptual Framework for Up-Scaling Ecological Processes 283



redundancy in fact supports the stability of the ecological system in the average

term and the potential for EMF’s evolution in the long term.

High treeless ridgelines are effective barriers to EMF gene flow even at distances

less than 65 km, whereas populations (according to Amend et al. 2010, but probably

metapopulations) located within watersheds are structured at greater distances

(125 km). So the scale at which speciation takes place is much larger than the

ecosystem scale and is the maximal one indicated by Wolfe et al. (2009) to be

included in the study of EMF. It is documented that the structure of the landscape

influences the evolutionary outcome. For instance, Read and Perez-Moreno (2003)

point out that selection has favored EMF systems with well-developed saprophytic

capabilities in those ecosystems characterized by retention of nitrogen and phos-

phorus as organic complexes in the soil.

To sum up the information presented in Sect. 12.4.1.2.2, different productivity

mechanisms involving EMF are distributed across many scales. The information is

scarce at individual level, apparently absent at population level, richer at community

and ecosystem levels, and scarce again at large landscape levels. The production

takes place at all levels, but with maximal intensity and stability in time at the large

landscape scale.

12.5 Disturbance and Succession of Ectomycorrhizal Systems

The change in the relative importance of fungi and bacteria in forest soils with

succession seems to remain uninvestigated, but in many secondary succession

grassland chronosequence studies, the soil microbial community tends to shift

towards a less bacterial and more fungal-dominated food web (Maharning et al.

2009). Hypothetically, this may occur in forests too. A discussion of fungal

succession is much more complicated, however, because it envisages processes at

very different scales. Iordache et al. (2009b) presented and critiqued the early and

late stage species approach for the succession of EMFs and then introduced an

ecosystem approach to fungal succession in an improved framework based on Pahl-

Vostl’s TDM concept. We refer the reader to Iordache et al. (2009b) for aspects

relating to succession. In this present text, we develop the analytical framework

sketched there and apply it to the more general up-scaling problem of EMF

functioning. Another subject discussed in the paper is EMF disturbance due to

heavy metals, for which a data processing and interpretation framework was

proposed. This picture is complemented here by a short review of disturbance

factors relevant to EMF.

Cudlin et al. (2007) review the effects of acidic deposition, nitrogen deposition,

increased ozone levels, elevated CO2, and drought on fine roots and EMF. EMF

colonization was not a suitable parameter for assessing the effects of these driving

factors, but fine root length and biomass could be useful. This does not mean that

the FDMs of EMF have not been affected because they are not delineated in space

at the fine root level but at the plant root/rhizosphere level. The disturbance factors
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usually act at a large scale, but the mycorrhizal response is at an FDM scale and

depends on the species composition of the EM community and the relationships of

ectomycorrhizal FDMs with other types of FDMs (the structure of the FDM

network at stratum scale).

Acid rain reduced the number, length, and biomass of lateral tree roots and the

percent and number of EMF (Esher et al. 1992). Some EMF confer drought tolerance

to their host (via influencing the plant’s osmoregulation), while others confer drought

avoidance (by hyphal transport via EMHs, Mudge et al. 1987). The experimental

warming of root-associated fungal communities in an arctic region increased the

density of different genotypes but did not affect the biodiversity within the time frame

of the experiment (Fujimura et al. 2008). Burning either decreases or increases the

colonization of EMF. The increase is attributed to the reduction of substances that

inhibit germination (Cairney and Bastias 2007), and the decrease occurs mostly in

the organic layer, not in the mineral soil. Peay et al. (2009) provide a comparison of

disturbance factors by scale. With regard to fire, they conclude that spore heat

resistance plays an important role in the disturbance-mediated assemblage shift

of EMF. Fire disturbance favors competitively inferior species, keeping diversity of

EMF at landscape scale. Nilsson and Wallander (2003) report a negative influence

of nitrogen fertilization on the external mycelium of EMF, not directly by the soil

nitrogen concentrations but rather by the nitrogen status of the trees.

The effect of enhanced CO2 concentrations mediated by EM communities takes

place through the modification of carbon inputs from plant to soil, with conse-

quences on the biomass, infectivity, and species composition of the symbionts

(Diaz 1996). Godbold and Berntson (1997) reported changes in EMF community

structure as a result of elevated CO2. A review by Staddon et al. (2002) about

temperature and CO2 effects on EM fungi concluded that they should involve the

study at the individual-plant level, multiple species level, and community level. An

interesting finding about the effect of CO2 is that of Pritchard et al. (2008): “CO2

enrichment increased mycorrhizal root tip production in deep soil, but did not

influence it in shallow soil;” also “the rhizomorph turnover was accelerated in

shallow soil, but effects on survivorship in deep soil varied according to diameter.”

These FDM-specific effects open the way to a line of research on how external

control parameters especially influence some of the FDMs from the structure of the

homomorphic model. For now, the experiments for assessing the effect of CO2 have

been performed mostly at small plot level (10�2 m2) with fewer at “field” level

(102 m2) and especially with monoculture (Staddon et al. 2002).

Miller and Lodge (1997) review the fungal response to disturbances in agricul-

ture and forestry. By disturbance they mean the physical and chemical phenomena

that disrupt communities and ecosystems. Fungi are concluded to be control points

in management practices (tillage and crop rotation, nutrient additions, air pollution,

site preparation, woody debris, opening the canopy, and moisture fluctuations).

Jones et al. (2003) review in detail the dynamics of ectomycorrhizal communities

after clear-cut logging, identifying the amount and type of inoculum, and the

changes in the soil abiotic and biotic environment as the major groups of factors

controlling the succession without discussion of diversity indexes as aggregated
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indicators of ecosystem state. Studies of another forest management practice, gap

opening, show a significant reduction in EMF diversity indices and a change in

EMF and fine root dynamics compared to closed stands (Grebenc et al. 2009) but

with some fungi preferring the new conditions.

Colpaert (2008) reviews the effects of metal on fungi and their adaptation. He

concludes that there is true tolerance of EMF to metals. Investigations of EMF

species at the community level have revealed wide inter- and intraspecific varia-

tions in sensitivity to metals (Hartley et al. 1997). The EMF community in a soil

contaminated with metals was rich (not with just a few specialist fungi as expected)

but did not vary with the soil horizon, season, or plot location in the forest (Krpata

et al. 2008). This suggests an interesting hypothesis that the FDM structure of EMF

communities is simplified as a result of toxic pressure compared to uncontaminated

areas. Different metals controlled in a specific way the EMF community, the results

of a multimetal stress being complex at forest levels and reflecting the distribution

of metals at tree scale (Gherghel 2009). Alleviation of metal toxicity in plants

through EMF has been demonstrated (review by Jentschke and Godbold 2000), but

the mechanism remains unclear. Possibilities include immobilization in fungi,

exudation of metal chelating substances in the soil, or nutritional and hormonal

effects in plants mediated by fungi. EMF and associated bacteria protect pine

seedlings against bioavailable forms of Cd, but there are differences in the level

of protection provided by different fungi species (Kozdrój et al. 2007). Bioaccu-

mulation factors for Zn and Cd in fruiting bodies of EMF decreased with increasing

soil concentration, showing that in such a case fungi did not act by accumulation as

an effective barrier against metal uptake by the symbiotic tree (Krpata et al. 2009).

12.5.1 Role of EMF in the Functioning of the Natural Capital

Through some of its EV, the fungal DS reaches the smaller scale directly relevant

for the management of the natural capital (hectares to square kms, here by conven-

tion the ecosystem scale). Griffiths et al. (1996) propose an even larger system for

analyzing the role of EM SPUs, namely the watershed. This is similar to the scale of

EMF speciation. Fungi and their ecosystem services might be in jeopardy if habitat

(tree patch) size is a strong determinant of fungal richness, as it seems to be (Peay

et al. 2007, 2008).

As an example of the explicit connection between basic and applied ecology in

our target domain, Dighton (2003) analyzes the role of fungi in the production of

ecosystem services, including mycorrhizal fungi and their relationships with arthro-

pods, as well as the consequences of human action on the relevant mechanisms.

Recently, Jackson et al. (2008) also reviewed the effects of root processes (includ-

ing the dependence on mycorrhization for nutrient acquisition) on ecosystem

services. The value of EMF to people is related to local consumption and trade of

sporocarps, to their use in medicine, biomonitoring and bioremediation, to their

esthetic value, and to the services provided by EM SPUs to other biological
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compartments supporting the ecosystem function – implicitly the production of

other biological resources and services directly relevant to the people (Dell 2002).

Hall et al. (2003) reviews the literature about edible ectomycorrhizal mushrooms.

The EMF SPUs are perceived as useful mainly through their support of the

resources and services associated with forest ecosystems. Management practices

that create intense disturbance and loss of organic matter decrease the ability of

plants to form EMF linkages, but management practices that retain living trees and

shrubs and the input of organic matter facilitate EMF linkages (Amaranthus and

Perry 1994). Helpful forestry management practices targeted to EMF can be taken at

various scales: small ones (retaining refuge plants, mature trees) and larger ones

(retaining old-growth forest, avoiding high intensity broadcast burn, and retaining the

edge to area ratio of harvested areas within certain limits) (Wiensczyk et al. 2002).

Heneghan et al. (2008) review the use of soil ecological knowledge for restora-

tion. From their perspective, when the goal is loosely defined (no specific recovery

trajectory envisaged), less precise knowledge can be useful (for instance, the

concept of “soil quality” is acceptable in this context for management issues), but

when a complex outcome is desired, exact knowledge is needed (we would say,

down to the SPU’s level). Another point in their analysis (and of others, e.g.,

Neagoe et al. 2009) is that a restoration project should be seen as a scientific

experiment and valued as such by the scientist.

In prescribed burning, unburned patches act as an inoculation source. The return

to the preburn state of the EMF community takes place in about 15 years (Cairney

and Bastias 2007). The role of fungi in ecosystem restoration after fire (Claridge

et al. 2009) is related to the stabilization of the soil in the absence of plants (by some

species of fungi), to nutrient acquisition from minerals, and to mycorrhizal function

once the plants start to recover (other species of fungi). It can be said that the fungi

are strongly involved in the secondary succession and restoration management after

such a disturbance is in fact an attempt to control the secondary succession (Neagoe

et al. 2009; Iordache et al. 2009b). Change in soil structure is an important process

during succession and, as we have noticed in Sect. 12.4.1.1.4, the EM SPUs provide

important services by influencing the soil structure.

The use of mycorrhizal fungi can also be targeted to restoration goals related to

the control of toxic substances, metals, or hydrocarbons (Robertson et al. 2007;

Ghergel 2009). Filamentous fungi and their enzymatic system were found to be a

“potent tool to decrease the levels of contaminants in soils by degradation and

stabilization” (review by Mougin et al. 2009). Measures taken in the frame of

restoration projects, such as liming, strongly affect the EMF community (in this

case by pH increase, Kjoller and Clemmensen 2009). The decline of the services

valued by humans is, of course, related not to mycorrhizal fungi alone. For instance,

Gilliam (2006) identifies six types of mechanisms supporting the deterioration of

the herbaceous layer by nitrogen deposition (Fig. 4 in Gilliam 2006): interspecific

competition, herbivory, mechanisms related to mycorrhizal infection, pathogenic

fungal infection, species invasion, and exotic earthworm activity.

We conclude that understanding the effects of EMF-mediated deterioration at a

large scale needs integration in the up-scaling model of all other mechanisms
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observable at intermediate scales related to SPUs of EMF. The integration of other

ecological mechanisms, depending on the service and resources identified, will be

needed as well for a full understanding and effective specific goal-directed man-

agement of that natural capital.

12.5.2 Mathematical Modeling

On the mathematical modeling side, Johnson et al. (2006) provide an excellent

review of seven types of mycorrhizal models (that include mycorrhizal parameters

in their structure), varying in their scale of resolution and dynamics and discuss

approaches for integrating these models with each other and with general models of

terrestrial ecosystems. They use the classical hierarchy (individual, populations,

communities, and ecosystems). At individual and population levels, there are

biomass allocation (functional equilibrium) models, economic biological market

models, and integrative agent-based models. At the community scale, there are

community feedback models, and co-evolutionary mosaic models. At the ecosys-

tem scale, there are food web models and pedogenesis models. In the concluding

part, Johnson et al. (2006) mention that “mycorrhizal effects on resource availabil-

ity and biomass allocation patterns have not been included in these models, partly

because of insufficient information but also because of scaling differences [. . .]
mycorrhizal effects on soil properties, disease resistance, and trophic cascades are

not emphasized to the same extent in current models,” and “encourage future efforts

to develop methods for measuring mycorrhizal structure and function at relevant

spatial and organizational scales.”

If one looks into each category of models for relevance of the mathematical

formalism to EMF, the picture is not encouraging. Functional equilibrium models

are exemplified by a conceptual model dedicated to AM fungi, and the primary

source cited does not include mathematical relationships between the mycorrhizal

biomass and the carbon and nutrient resources. Economic models and food-web

models referred also to AM fungi. Agent-based models and pedogenesis models

referred both to AM and EMF; community feedback models and co-evolutionary

mosaic models referred to mycorrhizal fungi in general.

It seems that the state of mathematical models needed for up-scaling the EMF

ecological processes from the stratum scale to the target scale is not yet appropriate,

and that developing such models is an important research direction.

12.6 Research Directions

The proposed framework for conceptualizing the DS’s functioning across scales is

convergent with recent proposals for coupling traditionally small scale targeted

ecophysiology to the functioning of ecosystems under the umbrella of a “macro-

physiology” (Gaston et al. 2009).
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For the up-scaling of EM fungi functions, we must (adapted from Lilleskov et al.

2004) identify individuals in tips, soil (as hyphae), and sporocarps, discern patch

change over time, identify endogenous factors (intraspecific such as clonal expan-

sion or high spore rain and interspecific interactions structured by a FDM

approach), identify exogenous factors (patterns of resource availability, disturbance

history, and current external driving factors), then on the resulting dynamic archi-

tecture add the functional information inside each FDM and between FDMs, and

finally aggregate it from the original to the target scale. Doing this is still precluded

by many gaps, both at structural and at functional levels. A structured analytical

approach to the problem (like the one proposed here) might accelerate the knowl-

edge development in the area.

Coupling observations at the molecular scale (plant–fungus gene expression, TE

level, and internal EVs), interfacial scale (TE-external EV level, to quantify ion

uptake by plants), experiments at pot scales (individual fungi–plant or FDM level),

lysimeter scales (FDM level), and plot scales (system of FDMs level) with long

term field ecosystem studies is crucial for obtaining the knowledge needed for

integrating (up-scaling) lower level processes into the management (remediation,

restoration, control of secondary succession) of the natural capital at ecosystem and

landscape scales (Neagoe et al. 2005; Graham andMiller 2005; Meixner et al. 2006;

Neagoe et al. 2009). Hinsinger et al. (2009) underline the need for the integration

of ST models of abiotic parameters in the rhizosphere into root growth and root

architecture models for up-scaling of rhizosphere processes. Graham (2008) states

that “experimental design should either integrate multiple mechanisms of the

landscape scale and include such measures as mycorrhizal influences on net

primary production, evapotranspiration and nutrient cycling, or integrate measures

of [. . .] fungal diversity into assessment of ecosystem function.” We believe that

an FDM approach allows for the structured investigation of functional diversity

and complementarities between EMF species within FDMs (for example, some

fungi may be effective in scavenging organic nitrogen, and others more effective

in phosphorus uptake and transport – Buée et al. 2009), and the functional

complementarities between different types of FDMs. Pool-flux classical ecosystem

type research can be associated with a FDM based homomorphic model, and

theoretical research on the characteristics of the fungal networks are also compati-

ble with this framework.

A major limitation to scaling the mycorrhizal symbioses to higher organizational

levels is knowledge about the fungal biomass in the characteristic FDMs. The ERH

biomass can be assessed by total hyphal length (Graham and Miller 2005), using

biochemical markers (chitin, ergosterol, or a specific fatty acid) or by competitive

PCR (Godbold 2005). The background biomass of saprophytic fungi should also be

determined. Satomura et al. (2006) present direct methods to quantify the fungal

content in EM fine roots. One needs long term field studies in order to appropriately

assess the biomass production (Staddon et al. 2002).

The available methods for investigating the distribution of functional parameters

across scales summarized by Wolfe et al. (2009) include rotated cores (for nutrient

uptake and decomposition), molecular approaches for expression of functional
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genes, and the use of natural gradients. To these, one can add extracellular enzymes

profiles (e.g., microplate assays developed by Courty et al. 2005) and the assay

developed by Rineau et al. (2008) for comparing iron chelation, free iron uptake,

and oxalate production of freshly sampled EMs . Graham (2008) mentions addi-

tional methods for AMF, including in situ root observation windows, mesh dividers,

bags and isotopic tracers, and signature fatty acids, the third of which can be applied

to EMFs as well (Buée et al. 2009). A tool-box for mycorrhizal research at the

ecosystem scale is also provided by Rillig (2004).

Scaling-up from sequence data to a whole plant and its functions requires a

genomic-based approach and a systems approach to study the information flow

(Graham and Miller 2005). There is also a need to understand the genetic basis of

tolerance to metals in ECM symbiosis (Hartley et al. 1997). An important review

of the molecular tools in EM ecology is made by Horton and Bruns (2001). An

overview of the molecular techniques available for the analysis of fungal commu-

nities was done by Peay et al. (2008). The use of genomics for EMF ecological

insights is essential (Martin and Nehls 2009). Tools allowing for the production of

extensive data sets needed for models in order to couple the characterization of

EMF with indicators of their functional rates have also started to be available.

Vargas and Allen (2008), for instance, use CO2 microsensors for characterizing

respiration in an EM root system. The use of new sensor technologies is of great

promise for the generation of both small scale intensive data sets (with structural

and function significance – Allen et al. 2007; Hasselquist et al. 2009) and large scale

ones (indicators of ecosystem functions or external control factors – Porter et al.

2005, 2009; Rundel et al. 2009).

Specific research directions/questions are:

l Describing the formal structure of the DS population’s models and deriving

from them the Price equation, if possible. Formulating a decoupling theory for

the apparent ecological hierarchical levels based on the scale specificity of the

types of abiotic and biological processes (Iordache et al. 2011).
l Exploring the potential of new theoretical tools (Barabasi and Albert 1999;

Barabasi and Bonabeau 2003) for the conceptualization of fungal networks

(and of the emergence function relevant for EMF). A theoretical network

approach to the EMF – plant systems (and more generally MF-plant systems)

at stratum level and interstratum level is proposed by Southworth et al. (2005).

A cost benefit approach to the individual members of a mycorrhizal network is

suggested van der by Heijden and Horton (2009).
l Study of taxa area relationships for EMF taxa based on functional genes (gene

area relationships, Zhou et al. 2008).
l Linking proteomics and ecological processes with a focus on soil enzymes as

mediators of decomposition, dissolved organic carbon production, and nitrogen

and phosphorus mineralization (Allison et al. 2007).
l To what extent the driver/passenger hypotheses formulated for AMF (Hart et al.

2001; fungi drive the plant community or are just a by-product of changes in the

plant community) could be relevant also to EMF?

290 V. Iordache et al.



l How the external control factors influence especially some of the FDMs from the

structure of the homomorphic model (fire for the top FDMs and CO2 for the deep

FDMs).
l Is the gene flow affected in landscapes fragmented by contamination with

metals? Is the FDM structure of EMF communities simplified as a result of

toxic substances pressure?
l Is there an optimal form of natural capital’s modularization maximizing the

value produced by SPUs associated to EMF?

12.7 Conclusions

We have developed an analytical framework for up-scaling ecological processes

and applied it to EMF. One has to construct four “hierarchical” levels in order to

understand the ecological role of EMF in the ecological productivity of ecosystems,

and one more if interested in evolutionary processes (gene flow, speciation). The

modularization scales for understanding the role of EMF are those specific to

bacteria, to fungi (FDM occupying surface of tenths of m2, and tree plot of

400–900 m2), to epigeous fungivorous invertebrates, and to fungivorous mammals,

and, for speciation, to small catchments of several hundreds of km2. The analysis

showed that the source scale for up-scaling has to be a plot of 400–900 m2. This plot

has an associated homomorphic model with a maximum number of nine FDM for

the structural and functional modeling of EMF communities. Only one modeling

step is needed for up-scaling from the source scale (plot) to the ecosystem scale, but

the model’s construction involves the previous construction of several up-scaling

and down-scaling models in order to quantify the effects on smaller and larger scale

organisms on fungi.
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Chapter 13

Mycobioindication of Stress in Forest

Ecosystems

Hojka Kraigher and Samar Al Sayegh Petkovšek

13.1 Introduction

Indication of the existence of an environmental stress situation is a prerequisite for

its amelioration or adaptation to it. Environmental monitoring based on chemical

and physical parameters can give a measure of a chemical in the environment, or of

temperature in a certain period of time and (micro)location. However, such mea-

surements do not provide any information on the effects of these factors on the

living organisms, and on any synergistic or antagonistic effects on conversion

products or pathways. The state or reaction of a living organism to physical and

chemical environment, its survival, and early diagnosis of any disease can only be

determined by using bioindicators and a biomonitoring approach.

Soil is one of the principal regulatory compartments in forest ecosystems in

which below-ground processes are regulated and mediated to a large extent through

the mycelia of mycorrhizal fungi. Early stress indication through changes in

mycorrhizal structure and function, therefore, also contributes to an understanding

of complex interactions in the mycelial wood-wide web and the functioning of an

entire ecosystem. Since the functional compatibility and stress tolerance of ecto-

mycorrhizal (ECM) types are species specific, information on the ECM community

can not only be applied as an indication of stress and disturbance of forest soils, but

it also adds to the understanding of processes in forest ecosystems.

We present a brief overview of the impacts of stress factors on mycorrhiza and of

mycobioindication approaches developed for monitoring climate change and air

pollution effects on forest ecosystems in Slovenia in the last two decades.
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13.2 Impact of Stress Factors on Mycorrhiza

Human-induced stress factors can affect ectomycorrhiza directly through reduced

growth of fine roots and decreased uptake of nutrients, and/or indirectly through

foliar damage to the host plant and, consequently, a changed C allocation below-

ground (Kieliszewska-Rokicka et al. 1997; Brunner 2001; Leake 2001; Andersen

2003; Kernaghan 2005; Kraigher et al. 2007; Cudlin et al. 2007). When natural

stress factors (e.g., water shortage, elevated and low temperature (T), and patho-

gens) interact, they can supplement the effects of pollutants or induce antagonistic

effects. The impact of anthropogenic stress factors is most pronounced in effects on

biodiversity of below-ground ECM communities and, consequently, on the sustain-

ability, productivity, and vitality of forests (Kraigher et al. 1995, 2007; Kraigher

1997, 1999, 2001; Read 1998; Simončič et al. 1998; Kovacs et al. 2000; Erland and

Taylor 2002; Cudlin et al. 2007).

13.2.1 Acid Deposition

In spite of the fact that slow acidification of soil is a natural process in most

coniferous forests (Brunner 2001; Erland and Taylor 2002), the percentage of

forests in Europe with soil pH below 4.2 increased toward the end of the millen-

nium, due to the deposition of high atmospheric inputs of acidifying pollutants

[mostly sulfur (S) and nitrogen (N) compounds] (Arnolds 1991). Moreover, the

release of heavy metals, especially Al ions, into the soil solution as a consequence

of acidification was determined (Brunner 2001). In general, acidification did not

reduce the degree of mycorrhization of tree fine roots, which is close to 100% in

most of the forests studied, but the total number of ECM root tips per soil volume

and the number of morphotypes were reduced (Cudlin et al. 2007). A moderate

reduction in pH does not drastically affect the diverse types of ectomycorrhizae,

since ECM communities are mostly adapted to acid soil conditions (Read 1991). A

pronounced acidification effect on ectomycorrhizal fungi (EMF) is species specific

and can result in an increased abundance of selected types of ectomycorrhiza (e.g.,

Russula ochroleuca in Norway spruce plots subjected to acid irrigation), so it can

trigger a shift in the community structure (Kraigher 1991, 1994, 1997; Erland and

Taylor 2002).

13.2.2 Nitrogen Deposition and Fertilization

Nitrogen deposition, which has increased across a large number of temperate

conifer and deciduous ecosystems, affects tree growth and nutrient cycles (Vitousek

et al. 1997). Increased soil N concentrations are often correlated with changes in the

302 H. Kraigher and S. Al Sayegh Petkovšek



number of ECM community attributes, such as decreased sporocarp production,

lower community diversity, and shifts in the relative abundance of ECM commu-

nity members.

The first documented biological effect of nitrogen deposition on the diversity of

EMF was mainly limited to observations made in sporocarp surveys of EMF

(Arnolds 1991). In nitrogen-supplemented plots, a rapid and substantial decrease

in the diversity and production of ECM sporocarps of most species was observed.

This issue was recently thoroughly reviewed by Lilleskov (2005). The response to

fertilization seems to vary among species, with certain taxa declining in abundance

and diversity (Cortinarius, Hydnum, Russula, and Suillus) and some continuing to

fruit at higher N deposition levels (Lactarius rufus, Lactarius theiogalus, Paxillus
involutus, and Laccaria species).

In addition to sporocarp surveys, research based on below-ground ECM obser-

vations has provided new information about richness or diversity in response to N

inputs and revealed the lack of direct correspondence between the two approaches.

Contrasting results between different studies have also appeared. Several reports

have indicated a decrease in fractional colonization by EMF, or total numbers of

ECM roots (Tetreault et al. 1978; Alexander and Fairley 1983; Rudawska 1986;

Taylor and Alexander 1989; Haug et al. 1992) or have shown a decline in the

abundance and diversity of EMF, or a shift in ECM community composition

(Kraigher et al. 1996; Taylor et al. 2000; Peter et al. 2001; Lilleskov et al. 2002;

Parrent et al. 2006). However, the decrease in ECM colonization has sometimes

been fairly short-lived and disappeared a few years after treatment (Menge et al.

1977). The reduction in ECM root tips in soil cores in spruce and beech forests

along transects through Europe, representing gradients in increasing mineral N

deposition, was analyzed by Taylor et al. (2000). A reduction in biodiversity of

ECM types in polluted areas was shown in spruce forests (Kraigher 1997), whereas

in beech forests, no negative effects on biodiversity were determined (Kraigher

et al. 2007). Within spruce forests, the decline in diversity toward the south of the

transect was accompanied by increases in single species dominance. Tylospora sp.

and L. rufus dominated the ECM community of the most polluted site, forming 75%

of mycorrhizal tips. A reverse trend was determined for species from genera

Cortinarius, Tricholoma, and Russula, these species appearing to be particularly

sensitive to nitrogen enrichment (Taylor et al. 2000).

13.2.3 Metal Deposition

Atmospheric pollution leads to soil acidification and elevated concentrations of

trace elements in the soil. Elevated concentrations affect soil microorganisms and

microbial processes, reduce the development of mycorrhiza (Schneider et al. 1989;

Perrin and Estivalet 1990), and decrease the abundance and biodiversity of spor-

ocarps (Arnolds 1991). However, some fungal species tolerate increased metal

levels in soil (e.g., Amanita, Albatrellus ovinus, and Leccinum scabrum) (Erland
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and Taylor 2002). Mycorrhizal fungi can accumulate metals in their sporocarps

(Kalač and Svoboda 2000; Falandysz et al. 2001, 2003; Al Sayegh Petkovšek et al.

2002; Johanson et al. 2004; Cocchi et al. 2006; Al Sayegh Petkovšek 2008).

Moreover, they have the capacity to accumulate metals in the external mycelium

(mostly Cu and to a lesser extent Zn and Cd) (Berthelsen et al. 1995). EMF establish

metal tolerance by binding metals to electronegative sites on the cell walls of

hyphae, or by binding to phosphates and sulfhydryl compounds within the cells

(Brunner 2001).

13.2.4 Ozone

Tropospheric ozone (O3) is a secondary atmospheric pollutant, generated from

oxides of nitrogen and volatile organic compounds reacting in the presence of

sunlight. It has been recognized as an increasing and damaging agent to plants

(Karnosky et al. 2005). O3 triggers physiologic changes in leaves, affecting carbon

source strength, i.e., the amount of carbon available for allocation to sink tissues.

Decreased carbon assimilation, increased metabolic costs for repair mechanisms,

and decreased phloem loading all lead to decreased carbon allocation below-

ground, thus affecting roots, root symbionts, rhizodeposition, litter quality and

quantity, and, consequently, the whole soil food web (Andersen 2003). Carbon

source–sink relationships or the functional balance of roots and shoots has been

reported as primary factors in continuous adjustments between root and shoot

growth (Tingey et al. 1976), possibly acting through root to shoot signaling,

including the hormonal regulation of root proliferation. In this context, the effects

of ozone fumigation on the cytokinins (CK) of beech trees (Winwood et al. 2007)

may be related to mycorrhiza-associated changes in cytokinin concentrations in the

host plants (Kraigher et al. 1991, 1993, 2008) and ozone-induced changes in fine

root growth and ECM community structure (Grebenc and Kraigher 2007a).

Sensitivity to ozone has been reported to differ between species (for review, see

Andersen and Rygiewicz 1995; Bortier et al. 1999, 2000; Andersen 2003); between

different clones and populations (Ballach et al. 1992; Coleman et al. 1996; Vanha-

talo et al. 2003; Ottossen et al. 2003), experimental growth conditions, such as

duration of the fumigation, light regime, irrigation, mineral nutrition, and the

combination of various stress factors (McLaughlin and Downing 1995; Roth and

Fahey 1998; Topa et al. 2004; L€ow et al. 2006; Železnik et al. 2007); and between

age-related physiologic differences within the same species (Matyssek et al. 2007).

Ozone-caused reduced root growth has been found to alter the functioning of

rhizosphere organisms and make them more susceptible to drought or nutrient

deficiency. A carryover effect has also been established (Andersen and Rygiewicz

1991). The length of fumigation should be considered with a view to the life span of

the fumigated plant (Kraigher et al. 2008).

In adult beech trees, a significant increase in the number of vital ECM root tips,

of nonturgescent short roots, and of types of ectomycorrhiza has been observed.
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Species richness appears to be affected only by O3 in a normally humid year and not

under conditions of drought stress (Grebenc and Kraigher 2007a). The same

treatment also demonstrated an impact on individual ECM species abundance. An

increased abundance of Cenococcum geophilum, Russula fellea, and Russula illota
suggested their tolerance to the changed physiology of beech trees under ozone,

while Xerocomus sp., Russula cyanoxantha, R. ochroleuca, and a Lactarius sp.

decreased in abundance under increased ozone treatment or were only found with

control trees (Grebenc and Kraigher 2007b). In terms of the nutrient status of roots,

d15N measurements indicated a reduction in total nitrogen in the fine roots of ozone-

treated adult trees (Haberer et al. 2007), while Mg concentration in seedlings was

reduced under the same conditions (Železnik et al. 2007). In contrast to the results

from adult trees, a significant reduction in number of vital ECM types and number

of ECM root tips was observed in beech seedlings (ibid.).

Through its indirect effects, ozone imposes general stress on the below-ground

community, often occurring in combination with other stresses, so there is no clear

differentiation of ozone-sensitive and ozone-tolerant ECM species, such as have

been proposed in acidic and nitrogen deposition studies (e.g., Kraigher et al. 1996).

Functional groups of ECM types (exploration types as proposed by Agerer 2001)

are perhaps more or less sensitive to changes in carbon allocation below-ground,

and the physiology, and thus bioindication value, of each of the ECM types or

groups, might be studied further.

13.2.5 Elevated CO2

Ectomycorrhizal roots respond positively to elevated CO2 (Alberton et al. 2005).

An increase in root tip abundance under elevated CO2 is consistent with reported

changes in the root:shoot ratio, especially under conditions of severe nutrient

limitation (Poorter and Nagel 2000; Ågren and Franklin 2003). It is important to

note, however, that such an increased carbon allocation to ECM roots does not

automatically translate into an increased uptake of limiting nutrients and hence to

increased forest productivity. ECM forests can already be “saturated” with ECM

(O’Neill 1994) and any further increase in ECM roots and mycelia would only

increase nutrient limitation of the system. This phenomenon has been described as

the progressive nitrogen limitation (PNL) hypothesis (Luo et al. 2004; Johnson

2006; Hu et al. 2006).

13.2.6 Drought

In a meta-analysis of the effects of several stress factors (Cudlin et al. 2007), the

clearest effect found was a decrease in the fine root biomass during drought. A

relative reallocation of growth to below-ground organs at the expense of above-

ground ones during mild drought has often been found, and even absolute root
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growth may increase during mild drought (Becker et al. 1987). However, when

water stress continues, the usual response is a reduction in root growth (Joslin et al.

2000). In contrast to fine root biomass, the ECM fractional colonization did not

show a reduction but a slight (insignificant) increase. This may be due to a negative

effect of drought on the total number of root tips. This kind of effect was shown in

Norway spruce by Feil et al. (1988).

Cenococcum geophilum (C. graniforme) is often mentioned as a particularly

drought-tolerant fungus. However, with some exceptions (Worley and Hacskaylo

1959), there are only a few reports based on exactly defined experimental condi-

tions. Pigott (1982) showed that Cenococcum survived better than other mycorrhi-

zal fungi during a drought episode. It has also been proposed that the mycelium of

Cenococcum is more resistant to decomposition than that of some other species

(Meyer 1987). Furthermore, the concepts of taxonomy of this fungus have varied

with time, and morphological identification may have allowed possible confusion

with other fungi. Cenococcum may also be tolerant to other stresses, such as

increased ozone (Grebenc and Kraigher 2007a, b) or salinity (Saleh-Rastin 1976,

cit. in Cudlin et al. 2007). While mycorrhiza formation in other species was strongly

delayed in drought-treated plants, Thelephora terrestris formed abundant mycor-

rhizal systems, irrespective of watering treatment (Lehto 1992). Differences in

community structure in drought conditions can, therefore, also be expected to

occur in forests.

13.3 Mycobioindication in Forest Ecosystems

Forest sustainability, productivity, and vitality depend on the relationship with soil

resources, the interface between soil nutrient pools and tree roots, as uptake organs

to sustain above-ground growth (Bakker 1999). In temperate forests in Europe, the

fine roots of stand-forming forest tree species are predominantly covered with a

fungal sheath of a range of EMF, which take over the function of uptake and

translocation of water and nutrients. As such, mycorrhizae are the main spatial

and temporal linkage between the various constituents of a forest ecosystem

(Dighton and Boddy 1988; Kraigher 1996; Dighton 2003).

The forest decline observed since the early 1980s in both Europe and North

America has increased the interest of environmental research in bioindication

methods (Tausz et al. 1996). Bioindication of environmental stresses provides a

suitable means of evaluating the impact of these variables on biological systems

(Arndt et al. 1987). Reactions that indicate a state of stress make the employment of

sensitive plant, animal, fungal, or other species as bioindicators of environmental

stress, or the use of living organisms or their parts as biomonitors possible.

Bioindicators are organisms or communities of organisms that react to environ-

mental conditions by changing their vital functions and/or their chemical composi-

tion, thus making it possible to draw conclusions about the state of their

environment (Arndt et al. 1987). Plants and fungi are recognized as suitable
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bioindicators with respect to forest ecosystems. Bioindicators (Fig. 13.1) can be

differentiated into sensitive (response) and accumulative indicators, and are sub-

divided into three different groups (Arndt et al. 1987) (1) pointer organisms or

ecological indicators provide evidence about the state of entire ecosystems; (2)

tester organisms are used in standardized laboratory procedures; and (3) monitoring

organisms are used to monitor the quality and quantity of harmful substances in the

environment and to detect their effects. These monitoring organisms either already

exist in the ecosystem (passive monitoring) or are introduced into the ecosystem in

a standardized form (active monitoring).

Bioindicators can be obtained from any level of biological organization, from

cell, tissue, organ, organism, and community levels (Fig. 13.2), and several

PHYSIOLOGICAL & ECOLOGICAL
INDICATORS, POINTER

ORGANISMS

MONITORING
ORGANISMS

TESTER
ORGANISMS &
BIOMARKERS

passive bioindication active bioindication

ecosystem level laboratory level

BIOINDICATORS

ACCUMULATIVE REACTIVE

Fig. 13.1 Schematic presentation of bioindicators (modified after Arndt et al. 1987)

Environmental
stress &
disturbance

Stress
characteristics

Severity

Cell, tissue,
organ in
question

Stage of
development

Genotype

duration

repetition

resistance

susceptibility Death

Survival
and
growth

combination
of stresses

Characteristics
of an organism

Response Result Biological complexity
in bioindication

Biochemistry or
metabolism of a single
organism

Individual level

Population level

Community level

Changes in the
ecological network

Fig. 13.2 How the response of an organism can be applied in bioindication of stress and

disturbance at different levels of organization (modified from Buchanan et al. 2000 and

Martı́nez-Crego et al. 2010)
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summarizing indices that attempt to integrate relevant ecological information into

an overall expression of biotic integrity are being developed (Martı́nez-Crego et al.

2010). Environmental stress differs in terms of its severity, duration, or number of

exposures and a combination of stresses may occur with synergistic or antagonistic

effects. The response of the organism on which the stress is imposed depends on the

organ or tissue in question, stage of development, and genotype, which all influence

the resistance or susceptibility to stress, and result in survival, modifications in

growth, or death of the organism in question. The relevance of the bioindicator

depends on its relevance to ecological integrity, broad-scale applicability, early

detection capacity, feasibility of implementation, interpretability against reference

conditions, and linking ecosystem degradation to its causative stress agents

(Martı́nez-Crego et al. 2010).

Static and deterministic approaches have been developed as part of phytoindica-

tion, through, e.g., phytocoenological analyses, and “load capacity” estimations

have been applied (Ellenberg 1972, cit. in Fr€anzle 2006). They depend on the

disposition, susceptibility, and regeneration in predefined estimation scales. A

combination of dynamic (reflecting the time evolution of perturbation, sensitivity,

and adaptation) and statistical (defining probability distributions in order to calcu-

late expected values) approaches are being developed (Fr€anzle 2006). Complex

indicator approaches seem to reflect well the dynamics of ecosystem development

and include fluctuations of energy, entropy production of ecosystems, fluctuations

of selected micronutrients, duration of biogeochemical cycles, biomarkers (stress

proteins and phytoalexines), changes in biodiversity of selected assemblages,

dynamics of selected populations, changes in the competitive behavior of function-

ally important species, and modifications of the food web structure.

Decreases in species diversity and in the abundance of sporocarps of macro-

mycetes in Europe were reported in the second half of the twentieth century

(Arnolds 1988, 1991; Jaenike 1991) and the method of mycobioindication of forest

site pollution was soon suggested by Fellner (1989) and Fellner and Peškova

(1995), based on the impoverishment of ECM mycobiocenosis. Arnolds (1991)

suggested an adaptation of Fellner’s qualification of impoverishment, based on the

various sensitivities of different ECM species. However, the occurrence of fruit

bodies depends on a range of climatic factors in different years, while ECM types

are present in the soils at any time of the year. Furthermore, a range of ECM fungi,

such as the group commonly called Fungi Imperfecti (predominantly belonging to

ascomycetes, but without a known anamorph), do not produce any sporocarps. As a

result, more detailed studies of the ECM potential of forest sites by determination of

ECM types were initiated in the 1990s, with a view to applying the results to

bioindication (Fellner and Peškova 1995; Kraigher 1994; Kraigher et al. 1995,

1996; Al Sayegh Petkovšek 1997, 2004, 2005; Al Sayegh Petkovšek and Kraigher

2003; Taylor et al. 2000; Erland and Taylor 2002; Taylor and Alexander 2005).

In Slovenia, a series of studies was carried out by applying types of ECM as tools

for the bioindication of stress in forest sites (Kraigher et al. 1995, 1996, 2007;

Grebenc and Kraigher 2007a; Al Sayegh Petkovšek 2008). The application of ECM

studies in bioindication was based on (1) the diversity of ECM types on Norway
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spruce (Picea abies (L) Karst) or beech (Fagus sylvatica L.) in forest stands (in situ
ecological indicators); (2) the determination and quantification of selected pollu-

tion-sensitive or insensitive ECM types (in situ passive monitors); (3) the develop-

ment of ectomycorrhiza on spruce seedlings, planted in studied sites (active

monitors); (4) ECM or root growth parameters on tree seedlings, tested in an

experimental setup (ex situ testers of substrate pollution); and (5) the bioaccumula-

tion of metals in fungal sporocarps (in situ accumulative bioindicators).

13.3.1 Ecological Indicators and Passive Monitors of Stress
in a Forest Ecosystem

13.3.1.1 Responsive In Situ Mycoindicators

Diversity indexes indicate the dynamics of an ecosystem, i.e., its potential to react

to a changing environment (Atlas and Bartha 1981). The species richness index (d)
links the number of species and their importance in the total community. The

Shannon–Weaver index (H) also provides the relative abundance of each species,

which indicates whether there are dominant populations in the sample. Both

indexes are in general lower in populations in stressed environments. A reduction

in the number of species in a community of mycorrhizal fungi can negatively

influence the capacity of populations of mycorrhizal fungi and tree seedlings to

form a functional symbiosis.

Pollution and other anthropogenic stresses have been found to diminish biodi-

versity indices of ECM types on Norway spruce (Kraigher 1999; Taylor et al. 2000;

Peter et al. 2008), oak (Kovacs et al. 2000) and several other tree species (reviewed

by Erland and Taylor 2002). A survey performed in three Norway spruce stands

with different degrees of forest decline due to air pollution revealed that the number

of living trees and their defoliation status may directly impact on the ECM species

composition by affecting the amount of carbon delivered to the symbiotic fungal

partners (Peter et al. 2008). The Shannon–Weaver index of adult trees was signifi-

cantly lower in the heavily damaged site (only 3% of leafing trees); however, adult

tress and seedlings were fully mycorrhizal. The most abundant species in all sites

was Tylospora fibrillosa, especially in the most damaged site (it made up over 60%

of root tips). It was emphasized that atheloids and thelephoroids (Thelephora
terrestris, Tylospora fibrillosa, and Thelephora asterophora) and C. geophilum
might play a crucial role in stressed forest ecosystems (ibid.).

Trends of diminishing ECM biodiversity were also clear in our studies in spruce

stands. However, in European beech, no trend was detected (Table 13.1). Early

studies (Kraigher et al. 1996) of ECM types on Norway spruce showed that several

ECM types disappeared, while others proliferated in polluted sites. Additionally,

some ECM types have been found to be restricted or mainly to occur either in

polluted or in unpolluted sites, even if the identity of the fungus was not determined.
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This was the case with Piceirhiza terraphila and Piceirhiza inflata in polluted sites

(Kraigher et al. 1996), and Piceirhiza oleiferans (Waller et al. 1993) in unpolluted

plots. Similar to pollution-sensitive or -insensitive ECM species in spruce forests,

we have suggested Hydnum rufescens (sensitive), P. involutus (insensitive), and

Elaphomyces sp. in beech forests (insensitive).

However, since stress in natural conditions is complex, other factors, such as

drought in the upper soil horizons (possibly influencing the high abundance of

C. geophilum in unpolluted site), cannot be ruled out. Jany et al. (2003) determined

that C. geophilum maintains the physiological integrity of beech roots facing

drought stress. In an assessment of air pollution in the emission area of the thermal

power plant Šoštanj (Al Sayegh Petkovšek 2008), C. geophilum was also deter-

mined as the dominant ECM type in soil cores from forest research plots exposed to

air pollution and drought stress (Table 13.2). In addition, a statistically significant

difference in the number of sclerotia of C. geophilum in ozone-fumigated

Table 13.2 List of types of ectomycorrhiza determined on European beech and Norway spruce,

their bioindication applicability as a stress indicator and corresponding references

ECM type Fagus
sylvatica

Picea
abies

Type of

stressa
References

Cenococcum geophilum
Fr.

þ þ 2, 3 Cudlin et al. (2007), Kraigher et al.

(2007), Grebenc and Kraigher

(2007a, b), Al Sayegh Petkovšek

(2008)

Dermocybe cinammomea
(L.) W€unsche þ Picea
abies (L.) Karst

þ þ 1, 2 Al Sayegh Petkovšek (2008)

Elaphomyces granulatus
Fr. þ Picea abies (L.)
Karst.

þ þ 1 Al Sayegh Petkovšek (2008)

Elaphomyces muricatus
Fr. þ Fagus
sylvatica L.

þ 1 Al Sayegh Petkovšek (2008)

Elaphomyces sp. 1 þ þ 1 Al Sayegh Petkovšek (2008)

Elaphomyces sp. 2 þ þ 1 Al Sayegh Petkovšek (2008)

Fagirhiza oleifera þ þ 1, 2 Al Sayegh Petkovšek (2008)

Fagirhiza spinulosa þ 1, 2 Al Sayegh Petkovšek (2008)

Paxillus involutus þ 1 Kraigher (1999), Kraigher et al. (2007)

Piceirhiza inflata þ 1 Kraigher (1999), Kraigher et al. (2007)

Piceirhiza terraphila þ 1 Kraigher (1999), Kraigher et al. (2007)

Russula fellea (Fr.: Fr.) Fr.

þ Fagus sylvatica L.

þ 3 Grebenc and Kraigher (2007a, b)

Russula illota Romagn. þ
Fagus sylvatica L.

þ 3 Grebenc and Kraigher (2007a, b)

Russula sp. 4 þ 1 Kraigher (1999), Kraigher et al. (2007)

Xerocomus badius (Fr.Fr.)
Gilb. þ Picea abies
(L.) Karst.

þ þ 1 Kraigher (1999), Kraigher et al. (2007)

aDifferent stressors are marked with numbers (1 – polluted air, 2 – drought, and 3 – ozone)
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containers when compared to that in nonfumigated controls (description available

at: http://www.casiroz.de), especially at a depth of 2–8 cm, was found (Fig. 13.3).

The average number of short root tips in 274 ml of soil cores ranged from (400)

1,100 to 2,000 (5,600), indicating that the number of active short root tips in the

upper 20 cm of forest soils should be between 3 � 105 and 5 � 106 per square

meter. These numbers suggest that even types of ECM occurring in small percen-

tages may form symbiosis on several hundred thousands of roots (i.e., Lactarius
lignyotus on ca 230,000 root tips; Kraigher 1997). Such high numbers of root tips

also indicate that it is impossible to analyze more than a small fraction of the total

ECM fungal community on root tips. The high heterogeneity within forest soils also

interacts with the heterogenous distribution of ECM types in time and space;

therefore, representative sampling is difficult (Kraigher and Agerer 2000; Erland

and Taylor 2002). However, stress-sensitive Norway spruce stands, with a very low

ground vegetation diversity, showed clear shifts in the diversity indices of the very

diverse below-ground ECM community (Kraigher 1999). On the contrary, in

ground vegetation rich beech sites, the same approach failed as a bioindication

method. The lack of changes in the ECM biodiversity indices in beech may reflect

the well-adaptable buffering capacity of the forest soils; the presence of favorable

humus forms, especially in older beech stands; the sustainability of natural beech

forests; their adaptation to N deposits; or the fact that the diversity both above- and

below-ground was too high to allow the detection of any changes (Al Sayegh

Petkovšek 2004, 2008). Our standardized sampling protocols were designed for

Norway spruce stands (Kraigher and Agerer 2000).

13.3.1.2 Accumulative In Situ Passive Monitors

Sporocarps of selected ECM fungi can be used as accumulative bioindicators

(passive monitors) of forest site pollution, since they accumulate high concentrations

Fig. 13.3 Occurrence of sclerotia of Cenococcum geophilum in ozone-fumigated containers (gray
bars) compared to the control (black bars) in the Free Air Ozone Fumigation System in Kranzberg

Forest (for description, see http://www.casiroz.de)
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of heavy metals. First of all, they are useful for distinguishing polluted and unpolluted

areas (Kalač and Svoboda 2000; Rudawska and Leski 2005a, b); moreover, a survey

performed in variously polluted areas in Slovenia suggests that several ECM species

are employable as bioindicators of soil polluted with heavy metals (e.g., Boletus
edulis and Laccaria amethystina) (Al Sayegh Petkovšek and Pokorny 2006;

Al Sayegh Petkovšek 2008). In addition, the bioconcentration factor (BCF), calcu-

lated as the quotient between metals in the sporocarp and metal content in soil can be

used as a tool for assessing forest site pollution. BCFs ranged from 50 to 300 (Cd), 30

to 500 (Hg), and 0.1 to 0.2 (Pb) and differ in relation to the metal levels in soil and

ECM fungal species (Kalač and Svoboda 2000; Rudawska and Leski 2005a). It

appears that the bioindicative value of BCF is fairly problematic, since BCF is not

a constant value for a particular species. However, according to Rudawska and Leski

(2005a), BCF factors may be useful for comparing fungal species from different sites

with those from soil with uniform properties.

13.3.1.3 Conclusions on Indicators and Passive Monitors

Conclusions from the application of biodiversity indices and passive monitors in

forest stands can be summarized as follows:

1. ECM species richness (d) for Norway spruce showed higher values in unpolluted
sites than in NOx and SOx polluted ones.

2. ECM species richness for European beech was similar in polluted and unpol-

luted sites, so it cannot be applied as an ecological indicator of soil pollution.

3. Similar H values indicate whether there was no dominant ECM species in

polluted vs. unpolluted sites.

4. Differences in diversity indices in polluted and unpolluted Norway spruce sites

may indicate a potentially fast response toward degradation when a stress factor

is imposed, while beech forest sites may be considered to be more resilient

toward any stresses.

5. Biodiversity indices as ecological indicators of the impact of pollution on forest

soils can be applied in various (but not all) forest ecosystems, show a reasonable

sensitivity to stress, and can provide some insight into changes in below-ground

forest ecosystem processes. However, they are species specific and should be

complemented with other bioindication approaches, cannot be used as a single

indicator of stress, and should be upgraded with functional diversity approaches.

6. Specific persistent structures, such as the sclerotia of C. geophilum, which are

presumed to help this fungus to survive in unfavorable conditions, can be

significantly multiplied in soils exposed to ozone fumigation and/or drought.

They have potential as an applicable bioindicator after the system has been

analyzed under various conditions of stress in comparison with controls – an

active monitoring approach may develop.
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7. The application of pollution-sensitive and -insensitive ECM species can reveal

the ecology of a certain ECM species and is, therefore, important for under-

standing the processes in a forest ecosystem.

13.3.2 Active Monitors of Stress in Forest Ecosystems

13.3.2.1 Active monitors: In Situ Exposed Nonmycorrhizal Seedlings

Nonmycorrhizal Norway spruce seedlings were exposed and planted in variously

polluted forest sites as active monitors of stress (Kraigher et al. 2007). In beech

dominated sites, the mycorrhization percentage was significantly lower in the

polluted plot (here identified as Zavodnje B) in two different years when testing

was applied (Fig. 13.3). The results indicated that spruce seedlings and their

mycorrhization can be applied as active monitors of pollution when the seedlings

are planted in polluted and unpolluted stands in broadleaf forests. On the contrary,

the mycorrhization percentage of spruce seedlings planted in a polluted spruce

dominated site (Zavodnje A) was significantly higher than that of the unpolluted

spruce stand (Pokljuka). The opposite result, i.e., a higher mycorrhization in

Pokljuka, was discussed as being due to the presence of the same macrobiont in

the plot for several centuries. Our results might, therefore, indicate less favorable

growing conditions resulting from the high altitude of the plot (Pokljuka, 1,250 m/a.

s.l.) and the relatively short vegetation period when compared to all other plots

(Kraigher et al. 2000). In the within-treatment comparison (between 6 and

12 months of exposure), the average mycorrhization percentage was higher for all

plots after longer exposure. The dry weight of needles was in close linear correla-

tion with mycorrhization in all treatments. Seedlings with low mycorrhization also

had less needle biomass and vice versa. As with the mycorrhization %, the

calculated ratio was significantly higher in unpolluted broadleaf stands but not in

spruce stands. The results indicate that spruce seedlings might serve as a good

active monitoring indicator of pollution if planted in beech stands in which no

specific ECM indicator types have been determined.

13.3.2.2 Ex Situ Testers: Mycorrhizal Inoculum Potential of Differently

Polluted Soil Substrates

Mycorrhization inoculum potential is a method developed by Kropaček et al.

(1989). It is based on naturally present mycorrhizal inoculum, existing in sieved

soil substrate taken from a forest site and applied in a pot experiment with seedlings

of a chosen forest tree species in a growth chamber under controlled environmental

conditions.

Two differently polluted forest sites in the emission area of Thermal Power Plant

Šoštanj were submitted to studies of mycorrhizal inoculum potential in different
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years, before and after the installation of cleaning blocks in the Thermal Power

Plant. Emissions were reduced from 80.516 t SO2 in 1994 to 44.253 t in 2000, and

the tests were done in 1992–1993 and in 2002–2003. The percentage of mycorrhizal

short roots of potted seedlings from Zavodnje (polluted substrate) was significantly

lower (p < 0.05) in comparison with that of Pohorje (unpolluted), suggesting that

the mycorrhizal potential of the more polluted area was lower (Fig. 13.4). Other

growth parameters of the seedlings were also different: the fresh weights of roots,

stems, and needles were higher in Pohorje (Al Sayegh Petkovšek and Kraigher

2003). Pollution influenced the mycorrhizal potential of forest soils and this nega-

tive impact was still present more than 5 years after the reduction of the emissions.

We conclude that further analyses of mycorrhizal potential are recommended in

order to monitor the changes in ECM composition continuously after the reduction

of the emissions from Thermal Power Plant Šoštanj. These might also include

testing the application of mycorrhizal fungi in bioremediation processes, as

reviewed by Gadd (2005), for remediation of the thermal power plant wastes.

Polluted area (Zavodnje), 1993

79%

21%

unmycorrhizal roots
mycorrhizal roots

Unpolluted area (Pohorje), 1993

93%

7%

Polluted area (Zavodnje), 2002

83%

17%

Unpolluted area (Pohorje), 2002

96%

4%

unmycorrhizal roots
mycorrhizal roots

unmycorrhizal roots
mycorrhizal roots

unmycorrhizal roots
mycorrhizal roots

Fig. 13.4 Mycorrhization (%) of Norway spruce seedlings (n ¼ 25) from the mycorrhizal

inoculum potential of forest soil from 1993 to 2002. The differences among sites were significant

(Fisher LSD, p < 0,001), differences among years showed trends to higher mycorrhization (Fisher

LSD, p ¼ 0.077)
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13.3.2.3 Conclusions on Active Indicators in Mycoindication

Our conclusions from mycorrhizal inoculum potential tests can be summarized as

follows:

1. Mycorrhizal potential as a bioassay for soil pollution (N and S deposit) is an

acceptable mycoindication method.

2. The differences between the two sites were statistically significant, although the

pollution effects were not highly destructive with respect to mycorrhizal soil

inoculum potential.

3. Even though emissions from the thermal power plant were reduced in the last

decade, the revitalization of soil substrates is a slow process, it might, therefore,

take several decades before the mycorrhizal potential of the polluted and the

unpolluted sites reaches the same level.

4. The types of ECM are of primary importance for the functioning of a forest

ecosystem, although the simplified situation in pot studies of mycorrhizal

potential supports the primary importance of the percentage of mycorrhizal

infection.

13.4 Final remarks

Bioindicators have been proposed as “environmental fever thermometers” (Fr€anzle
2006), since they should respond to early stages of either exposure or effects

without disclosing cause–effect relationships. As a follow-up action, preventive

or corrective measures need to be initiated. Their qualities, demands, and limita-

tions can be presented as summarized by Fr€anzle (2006), with respect to mycoindi-

cation approaches:

l Environmental observation techniques face a large number of preselected phys-

ical or chemical stress factors, with multiple synergistic and antagonistic effects

on conversion products and pathways. Biomonitoring techniques provide a

timely, widely applicable, low-cost, feasible way of observing deleterious

effects. They involve passive and active approaches on different scales, from

microcoenoses to ecosystems. Their main task is a general determination of

physiological effects rather than measurement of concentrations of stress fac-

tors. The lack of specificity in early recognition perspective might be considered

to be an advantage inducive of a subsequent systematic search for quantification

of causal interrelationships. The disadvantage is the highly variable susceptibil-

ity of the multitude of species exposed to stress factors, resulting in the need for

fuzzy logic approaches.
l The field of biomarkers has evolved rapidly in recent decades; a biomarker may

be considered to be a biological response to chemical(s) that might provide its

quantification and measure of toxicity. A parallel exposure to ambient stress

factors and a control set would be ideal to estimate the ecological significance of

316 H. Kraigher and S. Al Sayegh Petkovšek



a slight increase or decrease in a measured parameter. In a mycobioindication,

this would imply analysis of a natural mycorrhizal community structure with

special emphasis on resistant and sensitive species, exposure of nonmycorrhizal

seedlings in sites with a gradually increasing stress, and establishment of a

controlled experimental system using the mycorrhizal inoculum potential of a

systematically increased level of stress.
l The interpretation of the results of studies in complex ecosystems such as forests

is problematic. Their functional redundancy might interfere with clear indication

of stress, since the loss of functional capacity by one organism will immediately

be compensated by increased activity of another. An intersystemic comparison

of biotic reactions must also take into account natural successions, and spatial

and temporal variability of ecosystems, whose communities are organized by

competition and collaboration, and predation and disturbances. All these sys-

tems are therefore dynamic; there is no single stability, susceptibility, or vulner-

ability measure for a community or a whole ecosystem. Active and passive

biomonitoring techniques demand representative sampling over temporal and

spatial scales, and their interpretation through geostatistical requirements and

kriging, both at the single species and the community level.
l However, each bioindication method contributes to an understanding of ecosys-

tem functioning, community interactions, and single species physiology and

ecology. A combination of approaches provides a timely and feasible interpre-

tation of stresses, and their application leads to step-wise revelations of pro-

cesses in highly complex below-ground processes.
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Ågren GI, Franklin O (2003) Root: shoot ratios, optimization and nitrogen productivity. Ann Bot

92:795–800

Al Sayegh Petkovšek S (1997) Mycorrhizal potential of two differently polluted forest sites in the

emission region of the Thermal Power Plant Šoštanj. Zb GL 52:323–350
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Al Sayegh Petkovšek S, Kraigher H (2003) Mycorrhizal potential of two forest research plots with

respect to reduction of the emissions from the Thermal Power Plant Šoštanj. Acta Biol Slov
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Chapter 14

Effects of Pesticides on the Growth

of Ectomycorrhizal Fungi and Ectomycorrhiza

Formation

Miguel Marin

14.1 Introduction

In all reforestation programs, the quality of the plant to be used is of vital

importance. This quality is determined by the origin of plant material used and

the management during the production in nursery phase. Often, the criteria for

determining the quality of a plant had been limited to assessing the status and size of

the shoot. In the recent years, the nurseries were also given sufficient attention to the

quality of the root system, in recognition of their tremendous importance in the

uptake of water and nutrients. However, the quality of the seedlings is not always

satisfactory and the mortality of pine seedlings after planting in the forest site can

be very high (Heiskanen and Rikala 2003). A term “transplant shock” has been used

to describe a suite of symptoms in seedlings, including yellowing, short needles,

and reduced growth, arising upon relocation from nursery to forest soil (Reitveld

1989). The formation of ectomycorrhizae is the natural state of almost all of the

trees in forests, and therefore part of their root systems and a factor to take into

account when assessing their quality.

Seedlings are nowadays produced in large commercial tree nurseries mainly as

container seedlings. The proportion of bare-rooted seedlings has decreased over the

last 20 years. In Finland, container seedlings represent 98% of Scots pine, 86% of

Norway spruce, and 89% of silver birch production (Peltola 2001). The production

takes place in tree nurseries where large quantities of seedlings are produced in

controlled conditions using artificial growth substrate, irrigation, fertilization, pest

control, and sometimes day–night shift treatments to promote seedling growth

(Landis 1989). Normally in the production of seedlings, the seedlings spend

between 1 and 3 years of cultivation in the nursery until they are transplanted to

the field. Plant diseases may be the biggest problem in nurseries (Landis 1989) and

their prevention in the large monoculture seedling beds has traditionally been
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achieved using fungicides, insecticides, and other chemical products. Maintenance

of nursery hygiene is also of major importance. The opportunistic plant control is

done by herbicides. Under nursery conditions, ectomycorrhizal fungi (EMF) live in

an artificial environment and are affected by pest control, watering, and fertilization

(Marin 2009). Generally, all these factors are unfavorable to most EMF, but certain

types are commonly found in the nurseries, e.g., Thelephora spp. and ectendomy-

corrhizal species (Laiho 1965; Landis 1989). Unfortunately, most of the so-called

nursery fungi are not represented as dominant members in forest mycorrhizal

communities, which suggest a poor competitive capacity after transplanting.

In 1984, Trappe et al. wrote a paper which includes everything related to the

interaction between the pesticide and the mycorrhizae. This article discusses the

effect of pesticides by type of mycorrhiza (ectomycorrhiza, endomycorrhiza, and

ectendomicorriza), with in vitro and in vivo conditions, as the major groups of

pesticides (general pesticides, fungicides, herbicides and insecticides). In this

paper, the authors reviewed over 150 articles on every possible combination, of

which over 60 are related with EMF. The present work covers articles published

from 1984 to present. About 30 articles that have relation only with EMF/ectomy-

corrhizae and pesticides have been reviewed. It shows that the questions are still

unresolved, apart from studying the effects of new pesticides on ectomycorrhiza-

tion. It must be said that in recent years the study on the effect of pesticides has

focused on the endomycorrhizae for their application in agriculture.

14.2 Forest Tree Mycorrhization

The first experimental work in the field of physiology of ectomycorrhizae carried out

in the first half of the twentieth century, have already shown that mycorrhizal plants

grow better than non-mycorrhizal and also contained the highest amounts of major

nutrients per unit mass (Hatch 1937). Since then, Hatch was devoted to research of

mycorrhizae and many of his works haven tested in different scenarios to explain the

role of ectomycorrhizal symbiosis in the absorption of water and soil major nutrient

(phosphorus and nitrogen) (Tarkka et al. 2005), the role of these fungi in the vitamin

uptake of substances or plant growth regulators (Barker and Tagu 2000), relationships

with other microorganisms in the rhizosphere (Perry et al. 1987), their role in

biological control of certain root pathogens (Whipps 2004), and its role in the

whole forest ecosystem, where EMF are involved in the renovation of biomass and

nutrient cycling and in competitive relations or cooperation established between the

plants for water and nutrient uptake (Van der Heijden and Sanders 2002).

14.2.1 Controlled Mycorrhization

Controlled mycorrhization has been used in some countries with the aim of

introducing growth-promoting EMF into nurseries, and modifying seedling
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production procedures respectively, in order to achieve improved growth responses

and rapid post-transplantation adaptation in the reforestation site (Marin 2009). In

North America, the research and practical applications have been established for

decades (Castellano and Molina 1989), while in Europe the procedure has been in

commercial use since the last decade of last century (Le Tacon et al. 1997).

The potential advantages of controlled mycorrhization in the nursery are not

only the positive growth response of the seedlings, but also improvement of nutrient

stress under deficiency conditions; EMF can increase nutrient uptake (Jones et al.

1991) and under toxic conditions as with heavy metals, mycorrhizal fungi pull

metals out of the soil and sequester them (Jones and Hutchinson 1986). EMF

stimulates root production and considerably increases the volume of soil the plant

can explore, and enhancement of rooting, and reduction of transplant shock (Teste

et al. 2004). The increased root volume is able to take up more water; the mycor-

rhizal fungi also enhance the host’s osmotic adjusting capabilities, allowing some

plants to continue to extract water from soils as they become drier (Garbaye 2000).

Mycorrhizae reduce directly and/or indirectly, antagonizing disease organisms,

increase the number of biocontrol agents around the roots, occupy potential infec-

tion sites on the root, and increase host plant vigor to the extent that it can survive

disease (Datnoff et al. 1995). Also, mycorrhizal fungi increase beneficial interac-

tions with other microbes (Garbaye 1994); it also increases phosphate uptake to the

plant by phosphate solubilizing bacteria.

Seedling performance in the field, after ectomycorrhizal inoculation, has been

variable in European field studies. In the best cases, 6 years after out planting, an

increase in tree volume of 90% has been observed, while in other conditions

inoculated seedlings performed worse in the field compared to control ones (Le

Tacon et al. 1992). Variable environmental growth conditions and differences in

local mycoflora obviously explain part of the variation.

It is important that the planting of seedlings that have been inoculated with

specific mycorrhizal strains, typically of exotic origin, into nature should not cause

any negative impacts on the local, indigenous microflora. Ecological knowledge on

the interactions of existing community and introduced strains should therefore be

improved to prevent the risk of adverse effects. Understanding the survival and

competitive abilities of selected strains under field conditions is of high priority in

the risk management of controlled mycorrhization. As already mentioned, and we

shall see, the use of pesticides in the nursery may play an important role in the

mycorrhization of seedlings with desired EMF, creating added value and better

marketing.

14.3 Pesticides

Since the 1960s, industrial chemistry has increased number of sophisticated che-

micals for agricultural pest control. At that time, the future of these chemicals

among chemists, agronomists, and resource managers seem to have been overly
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optimistic about the promise of agricultural chemicals as simple solutions to

complex pest problems during the early part of the new era in agriculture. It is

now apparent that pesticides can have unexpected effects on nontarget organisms

and can thereby influence crop productivity as deeply or even more so than do the

pests they are intended to control (Trappe et al. 1984). Wilde (1958) was one of the

first to emphasize the deleterious effects of pesticides on the productivity of nursery

soils. Today, persistence of many pesticides in the soil, their interactions within the

soil, and the resulting effects on the growth and development of seedlings is of great

concern.

14.3.1 Classification of Pesticides

Pesticide, or biocide, is a common name for compounds, which are used for

protecting cultivated plants or for elimination of parasitic plants, fungi, insects, or

other pests. Plant growth regulators (i.e. phytohormones) are also classified as

pesticides. Pesticides are usually grouped according to their mode of action or the

purpose of their use (e.g., fungicides are used against fungal disease, herbicides

against weeds, and insecticides against insect pests). For instance, protectant is a

fungicide that will shield healthy tissue from fungal invasion, whereas an eradicant

will kill fungi that have already invaded the plant. Systematic pesticide spreads

within the plant, thus compound applied onto foliage (e.g., leaf-action herbicide)

will be transported to stem and root, or vice versa (e.g., soil applied herbicide).

Pesticide can be specific when it affects selectively, only one species or group, or

wide-spectral when it can affect a large number of species or groups of organisms.

Formulated pesticide products contain one or more active ingredients (abbr. a.i.)

and some other inactive ingredients like solvents, diluents, carrier substances, non-

forming, or acidity control chemicals, binding agents or pigments, which increase the

effectiveness of the active ingredient. Many of these inactive ingredients may also be

used as pesticide (Environmental Protection Agency of USA). Active ingredient can

be naturally occurring compounds, like pyrethrin and antibiotics, or synthetic inor-

ganic or organic compounds, or mixture of compounds or ligands. Some pesticides

will be converted to active form after application by soil microbes, e.g., sesone to

2,4-D herbicide (Metcalf 1971). Inorganic pesticides have typically simple chemical

structure like fungicides, e.g., copper oxychloride (Cu(OH)Cl) or so-called Bordeaux

mixture ([Cu(OH)2]·CaSO4). Majority of modern pesticides are, or have been various

kinds of organic compounds (MetCalf 1971). More than 1,100 common names for

pesticides have been assigned by International Organization of Standardization (ISO).

14.3.2 Effects of Pesticides on Soil Microorganisms

The repeated and long-term use of pesticides has raised the concern of accumula-

tion of pesticides in soils and the side effects of pesticides on soil microorganisms
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and other biotypes (Smith et al. 2000). Simultaneous use of several pesticides may

lead to synergetic or potential, or antagonistic effects of pesticides on various

organisms. Pesticides may also have influence on the competitive position of soil

microbes in the community by destroying or preventing the growth of some

microbe groups, and thus enhancing the growth of other microbes (Sch€uepp and

Bodmer 1991).

Most of the information about side effects of the pesticide has been obtained

from the studies in agricultural fields, and only few studies have been performed

also in forest nurseries and sapling stands, some of which are presented below. In

general, tests with soils have shown that fungicides can have deleterious effects not

only on fungi, but also on bacteria, and also herbicides and insecticides can affect

bacteria and fungi. Commonly, this depression of microbial growth and activity has

been reversible after some duration (Tu 1978; Ingham and Coleman 1984; Colinas

et al. 1994a).

Tu (1993) studied the effects of two fungicides, captanol and chlorothalonil, and

eight herbicides, including linuron, on microbial and enzymatic activities in soils.

The pesticide application rate was 10 ppm in soil. Fungicides initially diminished

both bacterial and fungal populations, but the recovery was rapid. This caused

increase in oxygen consumption. Both fungicides suppressed invertase and amylase

activities for 1 day, and captanol dehydrogenase activity for 4 days, but all of these

were recovered equal to that of control. Some herbicides had effect on activities of

bacteria and fungi for a week, but populations returned to levels similar to controls.

After several herbicide treatments there was a slight depression in nitrification. In

experiments with 11 insecticides, some pesticides diminished the populations of

bacteria and fungi, but they were recovered after couple of weeks (Tu 1991).

Bacteria seemed to be more sensitive to various insecticides. On the contrary,

cypermethrin, chlordane, and chlorpyrifos stimulated fungal growth. Chakravarty

and Chatarpaul (1990a) found herbicides glyphosate and hexazinone to have a

significant short-time (2 months) decrease in soil microbial activity, which was

recovered in 6 months.

Chen and Edwards (2001) studied the effects of three broad-spectrum fungi-

cides, benomyl, captan, and chlorothalonil, on soil microbial activities and biomass.

Benomyl and chlorothalonil had relatively transient effects, while captan had a

greater and long-lasting overall influence on soil microbial activities. In a test with

forest soil (Colinas et al. 1994b), fungicide captan reduced 90% of active fungal

length compared to control, sampled during 5 days of incubation, although total

hyphal length was not affected. Besides that, captan reduced 50% of the number of

active bacteria and 30% of bacteria-feeding nematodes.

14.3.3 Pesticide Persistence in the Soil

Many pesticides are quite persistent in the environment and this is one explains, why

they can be detected in surface waters (Burgoa and Wauchope 1995), groundwater
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(D€orfler et al. 1997), in soils and sediments (Rostad 1997), and in precipitation or

air samples (Dubus et al. 2000) for months or even years, after the last treatment.

Besides its functional toxicity, a pesticide can be toxic or has other impacts to

humans (Betarbet et al. 2000), animals (Elbetieha et al. 2001), or other organisms

(DeLorenzo et al. 2002). Agricultural and forest pesticides are applied in the fields

where they can also affect organisms other than the protected plants (McLaughlin

and Mineau 1995).

Persistence of a pesticide is derived from its bioaccumulation that is related to

degrability (half life time) and physicochemical properties (Gramatica and Di

Guarno 2002). Climate and weather are also important factors, which affect the

persistence of the pesticide and its degradation rates (Russell 1995). Soil structure

(density and porosity), composition (organic C content), chemistry (pH) and

microbiology, as well as the uptake of the pesticide by plants and soil animals

also have a remarkable influence on pesticide persistence in the environment

(Bergstr€om and Stenstr€om 1998).

Some persistent pesticides may accumulate in the soil from repeated application.

Volatilization, leaching from the soil, and degradation by soil microorganisms may

account for loss of a major part of some pesticides that disappear rapidly. The

longer a pesticide persists in the soil, the greater the probability that several

processes will become involved in its inactivation and disappearance. Some organic

pesticides that persist for several months create a long period for the recolonization

of soil microorganisms. Pesticides, such methyl bromide, may disappear within 2–4

days. The herbicide Eptam (s-ethyl dipropylthiocarbamate) disappears in 3–10

weeks, while others such as the fungicide benzene hexachloride and the insecticide

chlordane may remain for a year or more. Many herbicides that persist from one

season to the next can injure sensitive plants. The triazine herbicides (atrazine and

simazine) applied as pre-emergent herbicides for selective weed control in corn,

sometimes persist and injure sensitive crops the next year. Additionally, they can be

spread as sprays, or volatilised and transported in air, or run off, or leached out

from the application area. Occasionally, amounts of pesticides in surface waters

(Gerecke et al. 2002) or in ground water (Gaus 2000) have been close to or exceed

the levels known to have toxic impact on the aquatic flora or fauna (Kreuger 1998),

or has been set for limits for drinking water.

Modern pesticides are usually more economic to use than the old ones, because

the dosage of specific pesticides is much smaller, even one-hundredth of that, which

was in old compounds (Chrispeels and Sadava 1994). However, this does not

necessarily reduce environmental and public hazards of pesticides. In general,

most modern pesticides are more than ten times as toxic to organisms than those

used in 1950 (Pimentel et al. 1998). Increasing concern of the harmful side effects

to non-target organisms, caused by more and more complex and environmentally

stable synthetic compounds used as pesticides, have put pressure on manufacturers

to develop pesticides, which are more specific, less toxic, and biologically degrad-

able in nature.

It has been estimated that the concentration of pesticides after one application

would leach into a soil top-layer of 5 cm depth in mineral and in organic soil. In
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most cases, the pesticide concentrations exceed 1 ppm (Flykt et al. 2008). Pesticide

concentration may be even higher on the surface of plants roots, because the

pesticides are generally sprayed on seeds, or seedlings (fungicides and insecti-

cides), or on weeds (herbicides); seedlings may even be dipped into pesticide

solution (insecticide). Pesticide solution or residues can leach into the container

or soil either during the application or afterwards due to irrigation or rainwater.

As discussed above, the depths to which a pesticide can leach into the soil is

dependent on the organic matter content of soil and the physico-chemical proper-

ties of the pesticide. In peat-pots, pesticides can be bound to the peat medium and

only a small fraction may be detectable in leaching water. For example, in a trial

with peat-pots seedlings, less than 1% of applied chlorothalonil, but almost 30%

of applied propiconazole leached through the peat medium (Juntunen and Kitunen

2003). Soil microbial activity can release soil-bound pesticides back to undergo

environmental interactions (Levanon et al. 1994), and thus, the mycorrhiza and

mycelium, which are mainly present in this organic top-layer of the soil (Smith

and Read 1997) can be exposed to pesticides. On pines treated with triadimefon in

foliar sprays, Marx observed that this chemical was translocated downward from

the needles and also was leached by water into the root zone, so a considerable

amount of triadimefon is sprayed on the soil surface during its application on

small pine seedlings.

However, Sidhu and Chakravarty (1990) performed a comparison of the results

of mycorrhization of Pinus contorta var. latifolia and Picea glauca with Suillus
tomentosus in the laboratory, greenhouse, and field conditions with herbicides

hexazinone, glyphosate, and tryclopyr. The results showed that seedling growth

and ectomycorrhizal formation was affected significantly in the laboratory and

greenhouse, but not in field except at higher rates. The lower levels of the herbicides

available to the seedlings in field at the time of planting probably accounted for the

lower sensitivity of pine and spruce seedlings in the field.

14.4 Pesticides and EMF

As discussed at the beginning of this work, Trappe et al. (1984) conducted a first

review study of the effect of pesticides on mycorrhizal fungi. This actual work

covers articles published from 1984 to present, the last 25 years, and reviews about

30 articles that have a relation only between EMF and pesticides. Most of these

works were performed between 1980s and 1990s, but even today new studies are

conducted with the emergence of new pesticides (Laatikainen and Heinonen-

Tanski 2002) and the high diversity of EMF and pesticides (Hutchison 1990).

Tables 14.1–14.6 are a summary of articles concerning studies on the effect of

pesticides on the ectomycorrhizal mycelium and the formation of ectomycorrhizae

in forest plants. Research has been conducted both in vitro and in vivo concerning

fungicides, herbicides, and insecticides (and other pesticides).
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There have been many studies on the in vitro effects of pesticides on the EMF;

in vitro tests for mycelial growth can be used when estimating pesticide effects on

mycorrhiza, but for example, Unestam et al. (1989) did not recommend using them

when deciding pesticide usefulness in forest nurseries or plantations. In some

Table 14.1 Fungicide effects on ectomycorrhizal fungi in vitro culture

Fungicide Concentrations

(mg/ml)

Number of

species

Effects on

growtha
References

Benomyl 10–10,000 1 0 Chakravarty et al. (1990)

10 96 �, 0 Hutchison (1990)

2–3 7 �, 0 Niini and Raudaskoski (1993)

10 105 �, 0 Dickinson and Hutchison (1997)

1–10 15 �, 0, + Laatikainen and Heinonen-

Tanski (2002)

1–1,000 2 0 Dı́az et al. (2003)

Captan 1–1,000 2 0 Dı́az et al. (2003)

Carbendazim 10–100 2 � Zambonelli and Iotti (2001)

Chlorothalonilb 1–10 15 � Laatikainen and Heinonen-

Tanski (2002)

Copper

oxychloride

1–10 15 �, 0 Laatikainen and Heinonen-

Tanski (2002)

Cyproconazoleb 0.1–10 7 � Desprez-Loustau et al. (1992)

Flusilazole 0.1–10 7 �, 0 Desprez-Loustau et al. (1992)

Flutriafol 0.1–10 7 �, 0 Desprez-Loustau et al. (1992)

Hymexazol 1–1,000 2 � Dı́az et al. (2003)

Iprodione 1–1,000 2 � Dı́az et al. (2003)

Mancozeb 5–15 2 � Reddy and Natarajan (1995)

10–100 2 �, 0 Zambonelli and Iotti (2001)

Maneb 1–10 15 �, 0 Laatikainen and Heinonen-

Tanski (2002)

Oxine

benzoateb
10–10,000 1 0 Chakravarty et al. (1990)

Oxycarboxin 10–100 2 �, 0 Zambonelli and Iotti (2001)

Propamocarb

hydroc.

1–1,000 2 0 Dı́az et al. (2003)

Propiconazole 10–100 2 � Zambonelli and Iotti (2001)

0.1–10 15 �, + Laatikainen and Heinonen-

Tanski (2002)

0.0015 1 � Lekounougou et al. (2008)

Tebuconazole 0.1–10 7 � Desprez-Loustau et al. (1992)

Tolclofos-

methyl

10–100 2 �, 0 Zambonelli and Iotti (2001)

Thiram 1–1,000 2 0 Dı́az et al. (2003)

Triadimenol 0.1–10 2 � Marx et al. (1986)

0.1–10 7 � Desprez-Loustau et al. (1992)

Triadimefonb 0.1–10 2 � Marx et al. (1986)

0.1–10 7 �, 0 Desprez-Loustau et al. (1992)
aFungicide effects to low concentrations (<10 mg/ml). 0: no effect; +: growth increased;�: growth

decreased
bChlorothalonil: not listed; Cyproconazole: expires 30/06/11; Oxine benzoate: not defended their

inclusion; Triadimefon: not defended their inclusion (Directive 91/414/CEE, October 2009). The

rest of pesticides are accepted
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studies, pesticide toxicity to EMF in vitro has been confirmed with experiment

in vivo (Marx et al. 1986; Chakravarty and Sidhu 1987; Chakravarty and Chatarpaul

1988). However, the influence of pesticide on the growth of EMF can be different

when pure culture mycelium in vitro is tested compared to tests by using inoculated

Table 14.2 Herbicide effects on ectomycorrhizal fungi in vitro culture

Herbicide Concentrations

(mg/ml)

Number of

species

Effects on

growtha
References

2,4-D 1–10,000 3 �, 0 Estok et al. (1989)

200–800 2 �, 0 Donnelly et al. (1993)

Atrazineb 200–800 2 0 Donnelly et al. (1993)

Chlorthiamidb 1 15 0 Laatikainen and Heinonen-Tanski

(2002)

Glyphosate 0.1–1,000 5 �, 0 Chakravarty and Sidhu (1987)

0.1–1,000 5 �, 0 Chakravarty and Chatarpaul

(1990a)

1–10,000 3 �, 0 Estok et al. (1989)

1 15 �, 0, + Laatikainen and Heinonen-Tanski

(2002)

1–1,000 2 0 Dı́az et al. (2003)

Hexazinone 0.1–1,000 5 �, 0 Chakravarty and Sidhu (1987)

0.1–1,000 5 �, 0 Chakravarty and Chatarpaul (1989)

1–10,000 3 �, 0, + Estok et al. (1989)

1 15 0, + Laatikainen and Heinonen-Tanski

(2002)

1–1,000 2 0 Dı́az et al. (2003)

Linuron 1 15 �, 0 Laatikainen and Heinonen-Tanski

(2002)

Simazineb 1–1,000 2 0 Dı́az et al. (2003)

Terbuthylazineb 1 15 �, 0, + Laatikainen and Heinonen-Tanski

(2002)

Triclopyr 0.1–1,000 5 � Chakravarty and Sidhu (1987)

1–10,000 3 �, + Estok et al. (1989)
aHerbicide effects to low concentrations (<10 mg/ml). 0: no effect; +: growth increased;�: growth

decreased
bChlorthiamid: not listed; Atrazine: not defended their inclusion; Simazine: excluded; Terbuthy-

lazine: expires 30/06/11 (Directive 91/414/CEE, October 2009). The rest of pesticides are

accepted

Table 14.3 Insecticides effects on ectomycorrhizal fungi in vitro culture

Insecticide Concentrations

(mg/ml)

Number

of species

Effects

on growtha
References

Cypermethrin 1–10 15 �, 0 Laatikainen and Heinonen-

Tanski (2002)

Fenvalerate 0.25–1.5 2 � Reddy and Natarajan (1994)

Nocodazoleb 2 7 � Niini and Raudaskoski (1993)
aInsecticide effects to low concentrations (<10 mg/ml). 0: no effect; þ: growth increased;

�: growth decreased
bNocodazole: not listed (Directive 91/414/CEE, October 2009). The rest of pesticides are accepted
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seedlings. Marx and Rowan (1981) studied the influence of four fungicides on two

EMF, Pisolithus tinctorius and Thelephora terrestris, by infesting the nursery

soil with these fungi and growing Pinus tadea seedlings in this soil. Ectomycor-

rhizal development of P. tinctorius was depressed by benomyl and captan, but

enhanced by benodanil, whereas ectomycorrhizal development of T. terrestris was
the greatest in plots with benomyl and captan applications. In the laboratory test,

benomyl had slight inhibitory and captan no effect on the mycelial growth of both

P. tinctorius and T. terrestris.

Table 14.4 Fungicide effects on ectomycorrhizal formation

Fungicide Application Host

speciesa
Effects on

mycorrhizaeb
References

Benomyl Commercial labels Pire 0, + Chakravarty et al. (1990)

1–100 ppm Pist + De la Bastide and Kendrick (1990)

500 ppm/pot Thpl � Cade-Menun and Berch (1997)

20–150 kg/ha Piel 0 Pedersen and Sylvia (1997)

Not known Pisi � O’Neill and Mitchell (2000)

Commercial labels Piab � Flykt et al. (2008)

Captan 25 ppm dry soil Psme 0, + Colinas et al. (1994b)

Not known Pisi + O’Neill and Mitchell (2000)

Chlorothalonil 2,000 g ai/ha Pisy 0 Laatikainen et al. (2000)

Not known Pisy 0 Aleksandrowicz-Trzcinska (2007)

Commercial labels Piab � Flykt et al. (2008)

Copper oxychloride 588 ppm Pisy 0 Manninen et al. (1998)

Ferbam Unspecific Piel, Pita 0 Marx et al. (1986)

Fenhexamid Commercial labels Piab � Flykt et al. (2008)

Iprodione 1 g/Kg Quro � Garbaye et al. (1992)

Commercial labels Piab � Flykt et al. (2008)

Mancozeb 800–2,400 ppm Pipa � Reddy and Natarajan (1995)

Oxine benzoate Commercial labels Pire � Chakravarty et al. (1990)

Oxycarboxinc 100 mg ai/l sprayed Qupu �, 0 Zambonelli and Iotti (2001)

Propiconazole 250 ppm Pisy � Manninen et al. (1998)

125 g ai/ha Pisy 0 Laatikainen et al. (2000)

125–375 ppm Psme � Teste et al. (2006)

Commercial labels Piab � Flykt et al. (2008)

25 mg ai/m2 Bepe Nerg et al. (2008)

Pyrimethanil Commercial labels Piab � Flykt et al. (2008)

spi + teb + trid Not known Pisy 0 Aleksandrowicz-Trzcinska (2007)

Tolylfluanid Commercial labels Piab � Flykt et al. (2008)

Thiophanate-

methyl

350–1,050 ppm Psme � Teste et al. (2006)

Commercial labels Piab � Flykt et al. (2008)

Triadimefon 0.56 Kg ai/ha Piel, Pita � Marx et al. (1986)

6, 12 and 24 oz/ac Pita �, 0 Kelley (1987)

Not known Pipo � Page-Dumroese et al. (1996)

Commercial labels Piab � Flykt et al. (2008)
aBetua pendula: Bepe; Picea abies: Piab; Picea sitchensis: Pisi; Pinus elliotti: Piel; Pinus patula:
Pipa; Pinus ponderosa: Pipo; Pinus resinosa: Pire; Pinus strobus: Pist; Pinus sylvestris: Pisy;
Pinus tadea: Pita; Pseudotsuga menziesii: Psme; Quercus pubescens: Qucu; Quercus robur: Quro;
Thuja plicata: Thpl
b0: no effect; þ: mycorrhiza formation increased; �: mycorrhiza formation decreased
cOxycarboxin: not defended their inclusion (Directive 91/414/CEE, October 2009). The rest of

pesticides are accepted
dSpiroxamine þ tebuconazole þ triadimenol
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Pesticides may influence the growth of mycorrhizal plants by affecting the

nutrient uptake and allocation by suppressing the mycorrhizal symbiosis (Schweiger

and Jakobsen 1998). The detrimental effect on ectomycorrhiza can be seen as reduced

growth in seedlings (Reddy and Natarajan 1995).

Table 14.5 Herbicides effects on ectomycorrhizal formation

Herbicide Application Host speciesa Effects on

mycorrhizaeb
References

Clopyralid Commercial

labels

Piab � Flykt et al. (2008)

Glyphosate 0.1–100 ppm Pico, Pigl �, 0 Sidhu and Chakravarty

(1990)

Hexazinone 1.0–4.0 kg ai/ha

drench

Pico, Pigl �, 0 Sidhu and Chakravarty

(1990)

Imazapyr 1.1–2.2 kg ai/ha Abco, Pipo, Psme 0 Busse et al. (2004)

Phosphinothricinc Not known Pira 0 Gonzalez-Moro et al.

(2000)

Sulfometuron

methylc
0.14–0.28 kg

ai/ha

Abco, Pipo, Psme 0 Busse et al. (2004)

Triazinec Commercial

labels

Piab � Flykt et al. (2008)

Triclopyr 0.1–100 ppm Pico, Pigl �, 0 Sidhu and Chakravarty

(1990)

4.5–9.0 kg ai/ha Abco, Pipo, Psme 0 Busse et al. (2004)
aAbies concolor: Abco; Picea abies: Piab; Picea glauca: Pigl; Pinus contorta: Pico; Pinus
ponderosa: Pipo; Pinus radiata: Pira; Pseudotsuga menziesii: Psme
b0: no effect; +: mycorrhiza formation increased; �: mycorrhiza formation decreased
cPhosphinothricin: not listed; Sulfometuron methyl: not listed; Triazine: not listed (Directive

91/414/CEE, October 2009). The rest of pesticides are accepted

Table 14.6 Insecticide and others chemicals (O) effects on ectomycorrhizal formation

Chemical Application Host

speciesa
Effects on

mycorrhizaeb
Reference

Chloropicrin (O)c 0.66–3.3 ml/kg

stump

Psme 0 Massicote et al. (1998)

Deltamethrin Commercial labels Piab 0 Flykt et al. (2008)

Dimethoate 200 ppm dry soil Psme �, 0 Colinas et al. (1994b)

Commercial labels Piab 0 Flykt et al. (2008)

Fenvalerate Commercial labels Pipa � Reddy and Natarajan

(1994)

Fumagillin (O)c 10 ppm dry soil Psme 0, + Colinas et al. (1994b)

Oxydemeton-methylc Commercial labels Piab 0 Flykt et al. (2008)

Quinoclamine (O) Commercial labels Piab 0 Flykt et al. (2008)

Permethrin Commercial labels Piab 0 Flykt et al. (2008)

Vapam (O) Not known Pipo � Page-Dumroese et al.

(1996)
aPicea abies: Piab; Pinus patula: Pipa; Pinus ponderosa: Pipo; Pseudotsuga menziesii: Psme
b0: no effect; +: mycorrhiza formation increased; �: mycorrhiza formation decreased
cChloropicrin: expires 30/06/11; Fumagillin: not listed; Oxydemeton-methyl: excluded (Directive

91/414/CEE, October 2009). The rest of pesticides are accepted
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14.4.1 Fungicides

Generally, the fungicides proved to be toxic to EMF, presumably due to their

general mode of actions, and such fungicides can inhibit fungal cell division

(benomyl), impair ergosterol biosynthesis (propiconazole), inactivate fungal cell

thiols (chlorothalonil), cause protein damage (copper oxychloride), or bind to cell

copper compounds (maneb). Thus, chlorothalonil is viewed as an effective fungi-

cide against a broad spectrum of plant pathogens. Propiconazole, which is a

systemic fungicide, belonging to the group called sterol synthesis inhibitors also

has a broad range of activity.

Fungicides can be useful in studies of controlled mycorrhization with different

inoculated EMF because not all fungi are equally sensitive to fungicides: zygomy-

cetes are particularly susceptible to most of benzimidazole fungicides (Trappe et al.

1984). Benomyl is generally known to inhibit the growth of ascomycetes fungi like

Cenoccocum geophilum, Tuber spp., and ectendomycorrhizae, and ascomycetes

tend to be more sensitive in low concentrations than basidiomycetes (Niini and

Raudaskoski 1993). Similarly, in axenic culture, some EMF respond differently to

fungicides than others (Hutchison 1990); the differential sensitivity of EMF to

fungicides can be a valuable tool in controlling mycorrhizal formation in the

nursery and in the field (Marx and Rowan 1981; Trappe et al. 1984). This genetical

distance from the other EMF could account for its different response from all other

identified fungi when tested with the pesticides. It has been observed that in field

conditions, benomyl increases the development of ectomycorrhizae that are nurs-

ery-grown (Trappe et al. 1984; Chakravarty et al. 1990; De la Bastide and Kendrick

1990) and associated to decrease the rhizosphere competition. However, O’Neill

and Mitchell (2000) observed that benomyl has deleterious effect on root length and

mycorrhizal colonization of Picea sitchensis.
Edible EMF is cultivated by establishing plantations with inoculated plants

(Hall and Wang 1998). A major problem during the cultivation process is the

replacement of the inoculated fungus by more aggressive competing fungi. Selec-

tive fungicides might therefore be used to control competitive EMF during the

production of edible EMF, Tuber spp. infected plants, and later in plantations of

mycorrhizated trees. For example, Tuber melanosporum can be replaced by Sclero-
derma spp. (Hall and Wang 1998), T. brumale (Chevalier et al. 1982; Etayo and

De Miguel 1998), or Hebeloma spp. (Granetti and Angelini 1992). Similar pro-

blems have been detected during the cultivation of T. magnatum and T. uncinatum
(Capecchi et al. 1999).

There is every reason to suspect that the same problems will occur during the

cultivation of other EMF such as Tuber borchii, which was cultivated by Zambonelli

et al. (2000). In greenhouse experiments, Hebeloma sinapizans actively competed

with T. borchii not only during the initial phases of ectomycorrhizal formation,

but also when H. sinapizans was introduced after infection had been established

(Zambonelli and Govi 1991). Zambonelli and Iotti (2001) demonstrated that fungi-

cides such as oxycarboxin, which have relatively little effect on T. borchii, can be
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used to selectively suppress ectomycorrhizal development of contaminant basidio-

mycetes such as H. sinapizans. This fungicide is commonly used to control plant

pathogenic basidiomycetes. These results support and extend Unestam’s findings

that oxycarboxin also suppresses the development of ectomycorrhizal basidio-

mycetes (Unestam et al. 1989). This opens up the possibility of using selective

fungicides, such as oxycarboxin, during the commercial production of plants

infected with T. borchii and other species of Tuber. Although it is difficult to predict
the field competition of greenhouse contaminant fungi, many authors (see Govi et al.

1997) agree that their presence should be avoided in Tuber infected plants.

In a field experiment, propiconazole and copper oxychloride reduced ectomy-

corrhizal growth of Scots pine seedlings growing in sand-filled-pots (Manninen

et al. 1998). In the field experiment with Loblolly and Slash pine seedlings, the

ectomycorrhizal development with P. tinctorius and naturally occurring fungi were
both suppressed by triadimefon treatments, which confirmed the results from

in vitro tests. Reddy and Natarajan (1995) examined the effect of fungicide man-

cozeb on Laccaria laccata and Thelephora terrestris both in vitro and inoculated

with Pinus patula seedlings. Fungicide inhibited the growth of mycelia of both

fungi, as well as, mycorrhization of seedlings roots was clearly reduced. Coloniza-

tion with L. laccata was totally inhibited and colonization with T. terrestris reduced
more than 50% at the recommended fungicide dose. In a greenhouse experiment

with container-grown Pinus palustris seedlings, benomyl stimulated the ectomy-

corrhizal development with tested fungi, P. tinctorius and T. terrestris (Pawuk et al.
1980). Theodorou and Skinner (1976) found seed dressing with fungicides captan,

zineb, and thiram to inhibit mycorrhizal development on Pinus radiata seedlings

with various inoculated mycorrhizal fungi, while natural mycorrhization in soil

were not affected. However, studies in Spain with Pinus halepensis (Aleppo pine)

and the use of fungicides (benomyl, captan, and thiram) in the nursery, necessary

for its cultivation , given its sensitivity to fungal pathogens at this stage of

development does not adversely affect the process of controlled mycorrhization

(Carrillo 2000).

14.4.2 Herbicides

Herbicides such as glyphosate and hexazinone have been tested with various

EMF in pure culture tests, e.g., Hebeloma crustuliforme, L. laccata, and S. tomen-
tosus, and they inhibited all of the tested fungi at concentrations above 10 ppm

(Chakravarty and Sidhu 1987), and in a second experiment they had inhibitory

effects on C. geophilum, Hebeloma longicaudum and P. tintorius at concentrations
below 100 ppm (Estok et al. 1989), though such high concentrations may not be

particularly relevant to the situation in forest nurseries.

The growth stimulation of some EMF strains was caused mainly by herbicides

glyphosate, terbuthylazine, and hexazinone (Suillus species), but in a few rare
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cases also by the insecticides, cypermethrin, and all of the fungicides, except

chlorothalonil. The growth stimulation of EMF might indicate that these fungi are

able to degrade pesticides, but this stimulation noted in the laboratory may be less

likely to occur in field conditions if there is a lack of nutrients such as potassium or

phosphorus in the soil (DaSilva et al. 1977). In some cases pesticide molecule is not

mineralized, but can become incorporated into the fungal tissue (Donnelly et al.

1993). Ectomycorrhizae having the potential to degrade and mineralize pesticides

and other persistent organic pollutants could also be used in bioremediation

(Meharg et al. 1997a). For example, Amanita species, P. involutus, and Suillus
species are known to degrade several organic pollutants (Meharg and Cairney

2000), and C. geophilim can immobilize, for example, hexazinone (Donnelly and

Fletcher 1994). The growth of EMF in symbiosis with Pinus sylvestris has stimu-

lated even greater pollutant mineralization than in pure cultures (Meharg et al.

1997b). The ability to degrade some aromatic herbicides appears to be dependent

on the specific EMF and the herbicide. When the EMF is growing with the host

plant, it has an ample supply of carbohydrates provided by the host plant for its

growth. It is know that extracellular enzymatic activity of the fungus dramatically

increases when the EMF is growing with the host plant vs. growing in pure culture

(Donnelly et al. 1993).

Estok et al. (1989) have studied the effects of herbicides 2,4-D, glyphosate,

hexazinone, and triclopyr on the growth of C. geophilum, Pisolithus tinctorius and
Hebeloma longicaudum. C. geophilum was the least sensitive to tested herbicides

but the growth of other two tested fungi was slightly reduced already at the

concentration of 1 ppm. Generally, the low concentrations of herbicides could

promote the growth, whereas concentrations of 10–1,000 ppm strongly inhibited

the growth of all five EMF. The order of decreasing sensitivity of fungi to tested

herbicides was Suillus tomentosus, Thelephora americana, Hebeloma crustulini-
forme, Laccaria laccata, and finally, Thelephora terrestris. Later, hexazinone at the
recommended field rates of applications (4–18 ppm) was found to reduce the

mycorrhizal development of inoculated L. laccata with Pinus resinosa, as well

as inhibit naturally occurring mycorrhizal fungi in the field (Chakravarty and

Chatarpaul 1988).

During the other experiment, Chakravarty and Chatarpaul (1990a) examined

in vitro the effects of glyphosate and hexazinone on the growth of five EMF,

Cenococcum graniforme, Hebeloma crustuliniforme, Laccaria laccata, Suillus
tormentosus, and Paxillus involutus, and all were significantly reduced at the

concentrations of 50 ppm. Glyphosate was also tested in the field experiment with

Pinus resinosa seedlings inoculated with Paxillus involutus (Chakravarty and

Chatarpaul 1990b). Neither seedling growth nor ectomycorrhizal development

was affected by glyphosate treatment. In the field experiment, twofold higher

recommended dose of copper oxychloride and propiconazole reduced ectomycor-

rhizal development and growth of Scot pine (Pinus sylvestris L.) seedlings

(Manninen et al. 1998), and propiconazole, as in the case of some fungicides,

selectively killed ascomycete symbionts, while basidiomycete symbionts were

less affected.
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14.4.3 Insecticides and Other Pesticides

There were not very many studies made with insecticides and EMF. The cases

studied show the inhibitory effect of insecticides on mycelial growth at low con-

centrations, contradicting what is observed by Trappe et al (1984). This fact is

consistent with the observation mentioned before, in that new pesticides can affect

EMF despite the use of small doses of the product.

As in the case of fungicides, insecticides and other pesticides listed in Table 14.6,

when applied in forest plant nursery on mycorrhized plants, their effect on mycor-

rhizal colonization is not significant or very low.

14.5 Pesticides and Lactarius spp.

Here, a special case of in vitro effect of some fungicides and herbicides on various

species of Lactarius and strains of Lactarius deliciosus is shown. The basidiomy-

cete L. deliciosus is an ectomycorrhizal fungus principally on Pinus spp. roots in the
Mediterranean forests (Sánchez et al. 1994). This species is socioeconomically

important in Spain and others countries of the world, because it is a popular edible

wild mushroom that gives a new value to our forest ecosystems (Singer 1986).

L. deliciosus has been used in mycorrhization of pine seedlings in nursery (Guerin-

Laguette et al. 2000).

Tables 14.7 and 14.8 shows the effect of some pesticides on mycelial growth on

species of the genus Lactarius at different concentrations. At the same time, the

fungistatic effect of each of the pesticide on the fungus was observed by transfer-

ring the piece of agar with mycelium (not grown on culture medium with pesticide)

to a new culture medium without pesticide, and noting the presence or absence of

mycelial growth, thus showing that the fungus was not dead. The effects of each

pesticide on the growth of different Lactarius spp. in axenic culture were similar,

but differences between the species studied and even among isolates of L. deliciosus
were also observed.

14.5.1 Fungicides

Benomyl, a common systemic fungicide in agricultural practices (Torstensson and

Wessén 1984) has been extensively studied in axenic culture on several EMF (see

Trappe et al. 1984, and Table 14.1). Lactarius isolates had a strong inhibition of

growth to low concentrations of fungicide (Table 14.7). Hutchison (1990) found

between the Lactarii, a similar sensitive response to benomyl. In addition, this

author found that species of Lactarius of section Dapetes (Singer 1986) where

carpophore exudes bright-colored latex when cut, exhibited tolerance to benomyl.

Certainly, more resistance is found in some isolates of L. deliciosus and the isolate
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of L. sanguifluus, but this characteristic is not general in the section Dapetes of

Lactarii (Hutchison 1990).

Fosetyl-Al is a systemic fungicide active against oomycetes. Jalai-Hare and

Kendrick (1987) found that fosetyl-Al stimulated the growth of Glomus intrara-
dices in allium roots. This fungicide had only fungitoxic effect on Lactarius spp. at

Table 14.7 Fungicide effects on mycelial diameter growth (d) of Lactarius isolates on fungicide-
amended BAF for 6 weeks

Ld Ld Ld Ls Lh Lc

CBS 334.65 DAOM 197163 UAMH 5547 CBS 409.75 Baar CECT 20239

BEN (mg/ml) d (mm)

0 28.5 22.0 19.8 15.3 21.7 17.3

1 38.2 18.0 23.0** 15.8 23.8 10.3

10 (33.3)a 18.3 ng 6.2* (100) (100)

50 ng (100) ng (100) (66.7) (100)

100 ng (100) ng (100) (33.3) (100)

500 ng (100) ng (100) ng ng

1,000 ng ng ng ng ng ng

FAL (mg/ml) d (mm)

0 28.5 22.0 19.8 15.3 21.7 17.3

1 38.7 22.7 15.0 25.3** 15.3 11.0

10 41.3** 18.2 24.7 17.0 10.0* 1.5*

50 21.8 18.2 13.5 17.5 13.0* 2.5*

100 30.8 17.8 (66.7) 15.7 8.8* (100)

500 (33.3) 6.7* ng 7.7* (100) (100)

1,000 ng (66.7) ng (100) ng ng

PRO (mg/ml) d (mm)

0 28.5 22.0 19.8 15.3 21.7 17.3

1 35.0 23.5 20.0 17.8 17.3 11.3

10 30.5 23.8 24.2 17.0 33.2** 15.2

50 37.8 27.3 26.5 19.2 33.5** 11.5

100 33.0 32.3** 29.0 19.0 20.8 10.0

500 21.2* 28.8 23.3 15.2 25.5 6.8*

1,000 ng 27.8 23.5 13.5 16.0 3.2*

THI (mg/ml) d (mm)

0 28.5 22.0 19.8 15.3 21.7 17.3

1 40.0** 23.3 18.8 18.3** 23.8 10.5

10 ng 10.3* ng 7.2* ng ng

50 ng (100) ng (66.7) ng ng

100 ng (33.3) ng (33.3) ng ng

500 ng ng ng ng ng ng

1,000 ng ng ng ng ng ng

Significant differences compared to control (0 mg/ml fungicide-medium) are indicated with “*” for

low values and “**” for high values (P < 0.05 Tukey or KW)

CBS Centraalbureau voor Schimmelcultures, Baarn, The Netherlands; CECT Spanish Collection

of Type Cultures, València, Spain; DAOM Canadian Collection of Fungus Cultures, Ottawa,

Canada; UAMH University of Alberta Microfungus Collection, Alberta, Canada; Baar provide
by J. Baar, originating from a nitrogen-enriched Scots pine

ng not growing

BEN benomyl; FAL fosetyl-aluminum; PRO procymidone; THI thiram
aPercentage of samples that recovered growth after reharvesting in new media BAF without biocides
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high concentrations of the product. The fungicide effects of fosetyl-Al have not

been shown previously in EMF.

Procymidone is an example of pesticide that can be utilized as energy sources for

some fungi (Altman 1969). Four of the six strains tested had not accepted at

concentrations of 1,000 ppm. Procymidone is a systemic fungicide used on lupins,

Table 14.8 Herbicide effects on mycelial diameter growth (d) of Lactarius isolates on herbicide-
amended BAF for 6 weeks

Ld Ld Ld Ls Lh Lc

CBS 334.65 DAOM 197163 UAMH 5547 CBS 409.75 Baar CECT 20239

GLU (mg/ml) d (mm)

0 28.5 22.0 19.8 15.3 21.7 17.3

1 35.8** 16.0* 12.8* 18.0** 25.8 5.8*

10 ng ng 7.8* (100) 6.8* 3.0*

50 ng ng (100)a (100) (66.7) (100)

100 ng ng ng ng ng (100)

500 ng ng ng ng ng ng

1,000 ng ng ng ng ng ng

GLY (mg/ml) d (mm)

0 28.5 22.0 19.8 15.3 21.7 17.3

1 39.3 18.5 16.3* 18.2 24.3 16.7

10 38.2 25.5 17.0* 5.8* 8.8* 9.2

50 40.2 20.5 13.0* 4.5* 9.3* 10.5

100 41.0 20.8 10.5* 5.3* 7.3* 9.0

500 15.0 4.5* (100) ng (100) 5.5*

1,000 ng ng (100) ng (100) 2.0*

MCPA (mg/ml) d (mm)

0 28.5 22.0 19.8 15.3 21.7 17.3

1 37.7 16.8* 19.3 16.2 17.0 11.2

10 36.3 17.3 18.7 17.3 11.3* 10.3

50 35.0 20.5 10.5* 16.5 4.3* 8.3*

100 27.2 13.5* 10.5* 10.5 ng 8.0*

500 ng ng ng ng ng ng

1,000 ng ng ng ng ng ng

OXY (mg/ml) d (mm)

0 28.5 22.0 19.8 15.3 21.7 17.3

1 28.2 12.8* 19.3 20.7** 23.3 9.0

10 24.8 16.2* (100) 8.2* (100) 5.0*

50 4.5* ng (100) (66.7) (100) ng

100 (100) ng ng ng ng ng

500 ng ng ng ng ng ng

1,000 ng ng ng ng ng ng

Significant differences compared to control (0 mg/ml herbicide-medium) are indicated with “*” for

low values and “**” for high values (P < 0.05 Tukey or KW)

CBS Centraalbureau voor Schimmelcultures, Baarn, The Netherlands; CECT Spanish Collection

of Type Cultures, València, Spain; DAOM Canadian Collection of Fungus Cultures, Ottawa,

Canada; UAMH University of Alberta Microfungus Collection, Alberta, Canada; Baar provide
by J. Baar, originating from a nitrogen-enriched Scots pine

GLU glufosinate; GLY glyfosate; MCPA MCPA; OXY oxyfluorfen

ng not growing
aPercentage of samples that recovered growth after reharvested in new media BAF without biocides
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grapes, stone fruit, strawberries, and some vegetables. It is widely used in horticul-

ture, either as a seed dressing, pre-harvest spray, or post-harvest dip. As well,

procymidone has not been shown previously in direct fungitoxicity on EMF.

Thiram is a preventive fungicide of large spectrum, and similarly in the studied

strains of Lactarius. A high fungitoxicity is observed to low concentrations in EMF

in axenic culture (Trappe et al. 1984; Dı́az et al. 2003). In addition, negative effects

have been found in mycorrhiza formation (Trappe et al. 1984).

14.5.2 Herbicides

Glufosinate (Table 14.8) is a non-selective herbicide that inhibits the glutamine

synthetase activity, produce accumulation of ammonia, and inhibit formation of

glutamine amino acid (Montanini et al. 2003). Lactarius isolates are affected

strongly by this herbicide. However, glufosinate has low residual effect after

reharvesting in control media, except over some L. deliciosus. Direct fungitoxicity
on EMF has not been shown previously.

Glyphosate is an herbicide that is very commonly used in forest and agricultural

activity (Sidhu and Chakravarty 1990). Table 14.2 shows that the effect in axenic

culture at low concentrations of this herbicide on mycelial growth of EMF was

different according to several studies. Dı́az et al (2003) observed in L. deliciosus not
effect, perhaps, stimulating mycelial growth. In this experience, inhibition or

reduction of mycelial growth in medium or high concentrations was found.

MCPA is a phenoxyacetic herbicide, as 2,4-D, aromatic herbicides. MCPA is

similar to 2,4-D, except in-group chloride on position 2. Donnelly et al. (1993)

found that 2,4-D was degraded by incorporation of herbicide carbon into tissue.

Donnelly and Fletcher (1995) found that the degradation capacity of these herbi-

cides depends of the number and the position of chloride groups in the aromatic

molecule. Dasilva et al. (1977) found strong stimulation of growth to low con-

centrations of MCPA on two Boletus spp., while with 2,4-D, the stimulation was

lower. Similarly, the growth of Lactarius isolates was also stimulated. In principle,

it would be prudent to replace 2,4-D by MCPA in agriculture and forestry practices

when the plant is to be mycorrhized with EMF.

Oxyfluorfen produced the rupture of cellular membrane in presence of light as

all the diphenyl ethers (Choi et al. 1999). This group of herbicides produced in EMF

a strong inhibition of growth in axenic conditions (Kelley and South 1980) like we

have observed in Lactarius spp.

14.6 Conclusions

In recent years, some interest among scientists have been lost in studying the effects

of pesticides on the EMF, and consequently on the formation of ectomycorrhizae in

forest plants. Recent studies have developed in the production of mycorrhized

forest plant, especially with container seedlings. However, most of the forest
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productions still need the use of pesticide. However, at present, the use of pesticides

is being reduced in general agricultural practices and particularly in forest produc-

tions, but this will be still difficult to occur in all situations and nurseries. The study

of Trappe et al. (1984) showed the irrationality of the research on the effect of

pesticides on mycorrhiza, and that these would increase as new substances are used

as pesticides. This situation continued to occur over recent years, and the variety

and diversity of studies makes it difficult to rationalize the observations found.

Based on the variety of forest plants, soils, and climates under pesticides are used, it

is difficult to propose one type of pesticide for each of the multiple combinations

EMF/plant.

There are a number of parameters that are observed among all studies, and more

important as expected is that fungicides have a greater effect on EMF than other

pesticides. Knowledge on the capabilities of EMF to tolerance of pesticides might

be useful in deciding which pesticides would be less harmful to mycorrhizal fungi

when used in forest nurseries and in afforested fields. Pesticides may affect directly

the seedling roots, and thus pure culture tests alone are not recommended when

estimating the effects of pesticides on mycorrhizae and deciding the usefulness of

different pesticides in the nursery or new plantations.

It should be noted that production of container seedlings is more similar to

horticultural production than to agricultural production. Seedlings are started in

greenhouses, and depending on seedling type, they are raised in greenhouses from

2 to 6 months with peat as the growing media. When container seedlings are

sprayed with pesticides, most of the pesticides are sprayed on very densely growing

seedlings. In production of container seedlings the pesticides leaching to the ground

include both pesticides leaching from the growth medium and pesticides applied

directly to aisles and other empty space around the container blocks. For production

of bareroot seedlings, the situation is similar to that on agricultural fields. On

bareroot fields, seedlings grow at much lower density than in containers, and

there are empty areas between seedling rows and beds. Much of the pesticide

suspension is applied directly on the ground than in container production.

A better integration of systems of mycorrhized plant production and use of

pesticides can be carried out by a better development of Integrated Pest Manage-

ment (IPM), a system that combines cultural, biological, and chemical technologies

to reduce insect, fungal, and weed populations. Finally, pesticides cause many

complex reactions of all organisms in the forest plant production, and generaliza-

tion should be made with caution. General biocides, fungicides, herbicides, and

insecticides cause complex reactions to be studied in each case on a small scale.
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Chapter 15

Metal-Chelating Agents from Ectomycorrhizal

Fungi and Their Biotechnological Potential

Ángela Machuca

15.1 Introduction

Ectomycorrhizal (ECM) fungi have been investigated for many years concerning

the inoculation of plants for the recovery of degraded terrestrial ecosystems.

Inocula production and mycorrhization techniques have been enhanced over time

due to the proven importance of symbiotic associations on the growth and develop-

ment of plants. Furthermore, ECM fungi that exhibit an unusual capacity to regulate

the bioavailability of metal ions in their natural environments by either increasing

or decreasing them are of particular interest in the revegetation of disturbed

ecosystems, poor in mineral nutrients or contaminated with metal ions (O’Dell

et al. 1993; Haselwandter and Bowen 1996; Leyval et al. 1997; Prasad and Freitas

1999; Brunner 2001).

Both the ECM fungi and their host plants can interact with metal ions, essential

(e.g., Ca, Fe, Cu, Zn) or nonessential (e.g., Cd, Pb, Hg) for growth, through physical

or chemical mechanisms and/or transport systems of various specificities, either to

acquire ions for their nutrition or to avoid the toxic effects that high concentrations

of certain ions can cause, depending on the environmental conditions (Jentschke

and Godbold 2000; Hall 2002; Meharg 2003). ECM fungi can benefit the growth of

the host plant, promoting the uptake of mineral nutrients or increasing the plant’s

tolerance to certain metal ions in soils. The beneficial effects, however, depend on

the fungal species, the plant species, the metal involved, and the soil conditions that

surround the mycorrhizal association and that affect the bioavailability of the metal

ions (Galli et al. 1994; Prasad and Freitas 1999, Meharg 2003). Despite the

numerous investigations in the area of the amelioration of metal toxicity by ECM

associations, the results are contradictory regarding the protective role of ECM
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fungi on their host plants. Some studies clearly describe a protective effect of

ECM fungi in contaminated environments, while others describe an increase in

metal ion uptake in the mycorrhizal roots, thereby increasing the toxic effect on the

plants (Godbold et al. 1998; Jentschke and Godbold 2000). It is likely that the

limited amount of knowledge that exists regarding the mechanisms involved in the

modification of the bioavailability of metal ions by ECM fungi in association with

their host plants is responsible for the contradictory results.

The mechanisms used by living organisms to mobilize essential metal ions from

cultures or natural environments to the interior of the cells have been very well

described for most bacterial, plant, and some fungal species, but the studies are

limited to only a few species when it comes to ECM fungi. Something similar

occurs when trying to determine the mechanisms that allow ECM fungi to deal with

elevated, potentially toxic concentrations of certain essential or nonessential metal

ions, metalloids, or radionuclides. In this way, a fungus is able to use a combination

of various strategies to take up or detoxify metal ions, through mobilization or

immobilization, extracellularly or intracellularly, depending on culture conditions

or environment. Independently of the fungus using these mechanisms to take up or

avoid the potentially toxic effect of metal ions, most of these mechanisms are based

on chelation capacity. Chelation occurs when a bi- or multidentate ligand molecule,

organic in nature, binds or sequesters a metal ion by forming multiple coordinated

bonds. The ligands are also known as chelators or chelating agents and the complex

formed as a chelate; the ions of most transition metals form stable chelates. A very

important group of chelating agents with different affinities for metal ions includes

the siderophores and low molecular weight organic acids (citric, oxalic, malic, etc.),

widely distributed in a variety of organisms (Gadd 1999; Renshaw et al. 2002;

Bellion et al. 2006). Another important group is formed by the peptides metal-

lothioneins (MTs), phytochelatins (PCs), and reduced glutathione (GSH), some of

which are restricted to certain organisms (Gadd 1993; Mejáre and B€ulow 2001;

Bellion et al. 2006). Although metal binding to the fungal cell wall (adsorption) is

among the mechanisms that many ECM fungi use for metal detoxification (Gadd

1993; Bellion et al. 2006), this will not be treated here since this chapter focuses on

those chelation mechanisms that depend on the metabolic activity of the fungi.

15.2 Specific Metal-Chelating Agents: Siderophores

Despite the abundance of iron in the Earth’s crust (5% by weight), in aerobic

environments it exists mainly as iron oxyhydroxides (e.g., goethite) of very low

solubility at neutral pH (~10�38 M), which causes a bioavailability problem for

most living organisms whose metabolism depends on this element. Therefore, most

plants, fungi, and bacteria produce an efficient and highly specific system for iron

acquisition, comprised of siderophores (Greek “iron carriers”) that act as iron

scavengers or chelators of high affinity (Hider 1984; Neilands 1995; Renshaw

et al. 2002; Boukhalfa and Crumbliss 2002; Kraemer 2004). However, other
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mechanisms such as reductive assimilation and protonation are also used by some

organisms with the aim of solubilizing iron from their environments (Guerinot

1994; Kosman 2003). Although plants (grasses) produce these compounds (phyto-

siderophores), the chemical structures and chelation mechanisms differ from those

of fungal and bacterial origin (Sugiura and Nomoto 1984; Kraemer et al. 2006;

Crowley 2006).

Siderophores are iron-chelating compounds of low molecular weight (500–

1,500 Da), with the ability to form stable complexes of high affinity constants

(Kf > 1030) with the ferric form of iron (Fe3+), but not with the ferrous form (Fe2+).

These compounds are excreted into the environment by microorganisms and after

chelating the Fe3+ they return to the cell (Hider 1984; Guerinot 1994; Renshaw et al.

2002). The synthesis of siderophores and the proteins involved in their recognition

and, in some cases, in their transport to the interior of the cells, is strictly regulated

at the molecular level by the concentration of iron perceived by the cell, causing an

induction of these systems only under iron stress. Depending on the organism,

concentrations higher than 1 mM of Fe3+ can dramatically reduce or completely

repress siderophore biosynthesis (van der Helm and Winkelmann 1994).

Siderophores are synthesized by cells as metal-free ligands (desferrisidero-

phores), which are excreted into the extracellular environment where they solubi-

lize the iron by chelation and return to the cell as ferrisiderophores, releasing the

iron through different mechanisms (Hider 1984; Guerinot 1994; Neilands 1995;

Renshaw et al. 2002; Kraemer 2004). At least four different mechanisms have been

proposed for the transport of ferrisiderophores to the cell, mostly based on the

recognition of ferric complexes by specific transport systems present in the cell

membrane. Once inside the cell, the Fe3+ is reduced to Fe2+, which is released from

the siderophore. A different mechanism performs the reduction of siderophore-

transported Fe3+ by a reductase enzyme present in the membrane. The Fe2+ and not

the siderophore is subsequently transported to the interior of the cell (van der Helm

and Winkelmann 1994; Renshaw et al. 2002). Despite the existing knowledge on

the ferrisiderophore transport, this has been much more studied in bacteria than in

fungi. Although siderophores are produced by the majority of fungi and bacteria,

there are some exceptions where the presence of these compounds has not been

demonstrated. However, some microorganisms that do not produce siderophores

are capable of using exogenous siderophores (xenosiderophores), produced by

other species of bacteria or fungi (Guerinot 1994; Kosman 2003).

The chemical nature of siderophores varies a great deal, but it is possible to

distinguish three large groups according to the functional groups involved in

chelation: hydroxamates, catecholates (phenolates), and hydroxycarboxylates. In

addition to these groups, characterized most frequently in microorganisms, side-

rophores with other structures or a combination of the structures previously men-

tioned have also been described. In bacteria, the production of siderophores mainly

of the catecholate and hydroxamate types has been reported. In most fungi,

by contrast, it has only been possible to detect and isolate hydroxamate-type side-

rophores of the ferrichrome, fusarinine, and coprogen families and, in a few

cases, hydroxycarboxylates (Hider 1984; Renshaw et al. 2002; Haselwandter
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and Winkelmann 2007). Independent of the chemical nature, the kinetic and

thermodynamically more stable complexes are obtained by the formation of hex-

adentate or six-coordinate siderophores with Fe3þ, which allows them to act as

efficient iron scavengers from the insoluble oxyhydroxides (Hider 1984; Boukhalfa

and Crumbliss 2002; Kraemer 2004). Although catechol-type siderophores can

form complexes with a higher Fe3þ affinity than hydroxamates, they are very

susceptible to oxidation, depending on the pH. By contrast, hydroxamates form

complexes of lower affinity, but very stable over a broad pH range (Hider 1984;

Boukhalfa and Crumbliss 2002).

The siderophore production by mycorrhizal fungi has been demonstrated in a

limited number of investigations and for very few fungal species; however, less

research has been done to illustrate the chemical nature of siderophores isolated

from ECM fungi. Nevertheless, those studies demonstrate that siderophores pro-

duced by ectomycorrhizal, ericoid, orchidaceous, and ectendomycorrhizal fungi are

hydroxamate ligands: mainly of the ferrichrome structural family (Haselwandter

1995; Haselwandter and Winkelmann 2007). The ferrichromes are cyclic peptides

containing a tripeptide of N-acyl-N-hydroxy-ornithine and combinations of the

amino acids glycine, serine, or alanine (Renshaw et al. 2002). The few studies of

some species of ECM fungi (Table 15.1) have detected the presence of siderophores

in axenic cultures using (a) the reagent chrome azurol S (CAS) in liquid or solid

medium (Schwyn and Neilands 1987; Milagres et al. 1999), (b) the chemical assays

to detect hydroxamate structures or the Csáky test (Csáky 1948), and catecholate

structures or the Arnow test (Arnow 1937), or (c) through bioassays using the

Aureobacterium (Arthrobacter) flavescens JG-9 strain, a hydroxamate siderophore

auxotrophic soil organism (Neilands 1984). Cenococcum geophilum (only one

ascomycete in Table 15.1) was the first ECM fungus described, from which side-

rophores were isolated and characterized through HPLC, mass spectrometry, and

NMR spectra (Haselwandter and Winkelmann 2002). This fungus produced mainly

ferricrocin-type hydroxamates; other lower concentration compounds were found

and although their structures were not completely identified, seemed to correspond

to ferrichrome, fusarinine, fusigen, and coprogen.

On the other hand, if the studies showing the production of siderophores by ECM

fungi are few, studies describing siderophore production by ECM fungi in associa-

tion with roots are even fewer. Nevertheless, van Hees et al. (2006), in a careful and

precise study demonstrated the simultaneous release of siderophores and organic

acids by hyphae of the extraradical mycelium of Hebeloma crustuliniforme in

association with Pinus sylvestris seedlings. The siderophores characterized corre-

sponded mainly to ferricrocin; ferrichrome also appeared in the exudates, but in a

much lower concentration. Oxalate in concentrations 10,000 times higher than

ferricrocin was also detected in exudates. The authors suggest that the combination

of hyphal exudates, siderophores and oxalic acid, can significantly alter soil con-

ditions through mineral dissolution (van Hees et al. 2006). Using the CAS assay, the

Csáky and Arnow assays, and HPLC, the presence of iron-chelating compounds

and organic acids was detected in cultures of Suillus luteus, Rhizopogon luteolus
and Scleroderma verrucosum, collected from pine plantations (Machuca et al. 2007).
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The Arnow assay revealed the presence of catecholate-type structures in the three

species in higher concentrations than the hydroxamates; however, these compounds

were not proven to be true siderophores (Machuca et al. 2007). Phenolic com-

pounds with Fe3+-chelating capacity have already been described in a variety of

wood-rotting basidiomycetes (Goodell et al. 1997; Milagres et al. 1999; Machuca

et al. 2001; Arantes and Milagres 2006); but their function as siderophores in the

transport of Fe3+ has not been proven. Moreover, phenolic pigments produced by

these species, responsible for the brown staining of the mycelia and culture

medium, may be responsible for the positive reaction in the Arnow assay. Some

pigments of this type (e.g., melanins) located in the cell wall, extracellular phenolic

polymers, and other phenolic metabolites with metal-chelating properties have been

involved in processes of metal uptake and detoxification by fungi (Gadd 1993;

Fogarty and Tobin 1996; Bellion et al. 2006). Other ECM fungi showed iron-

chelating compound production in liquid and/or solid medium through CAS

assay: S. bellinii, S. granulatus, Lactarius deliciosus, Paxillus filamentosus and

Amanita sp.. Unexpectedly, the ascomycete Tuber borchii was the only species

we tested that has not shown any positive CAS reaction, either in liquid or solid

medium.

The exudation of compounds with the capacity to chelate and mobilize Fe3+ has

also been confirmed in the ECM root tips of Xerocomus sp. and L. subdulcis,
collected in forest soils (Rineau et al. 2008). On the other hand, the presence of

hydroxamate siderophores, mainly ferricrocin and ferrichrome, in forest soil in

concentrations that vary between 2 and 12 nM has also been described (Holmstr€om
et al. 2004; Essén et al. 2006). The origin of these siderophores must be linked to the

microorganisms that inhabit terrestrial ecosystems, among them ECM fungi. This

has considerable ecological implications, since both microorganisms (fungi and

bacteria) and plants could benefit from the production of siderophores by other

species and use them as exogenous siderophores along with their own in order

to increase the uptake of iron from the environment. The ability to utilize exoge-

nous siderophores gives some plants and microorganisms a competitive advantage

in environments deficient in this essential micronutrient (Crowley et al. 1991;

Guerinot 1994; Winkelmann 2007; Johnson 2008).

Furthermore, the role of hydroxamate siderophores in iron uptake from soils

has been shown using Fe3+-minerals (e.g., goethite), from which siderophores

release iron through dissolution of the mineral, acting alone or in combination

with organic acids (Kraemer et al. 1999; Cervini-Silva and Sposito 2002; Borer

et al. 2005; Reichard et al. 2007). The solubilization of goethite by S. granulatus
was attributed more to the production of siderophores than to organic acids; and

most of the Fe3+ mobilized was accumulated in the mycelium (Watteau and

Berthelin 1994). S. granulatus also dissolved biotite and mobilized Fe3þ and

Al3þ, but siderophores were not produced in the presence of this mineral, and

the authors attribute this to Fe3+ being more available in biotite. Peña et al. (2007)

proved the participation of siderophores in the dissolution of a Mn mineral

(hausmannite), through strong chelation of Mn3+. These studies confirm the

importance of siderophores in the biogeochemical cycle of Fe and their connection
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to other cycles like the Mn cycle (Duckworth et al. 2009). Most of the research

in this area has been undertaken using the commercial hydroxamate siderophore

desferrioxamine B, while the studies with ECM fungi producing siderophores

are limited.

Despite the high affinity of siderophores for Fe3+, these compounds can also

form stable complexes with other metals, such as Al, Cd, Cr, Cu, Pb, Mn, Zn, and

some actinides like Pu, Th, and U (Hider 1984; Brainard et al. 1992; Renshaw

et al. 2003; Zou and Boyer 2005). Ferricrocin, the main siderophore produced by

most of the ECM fungi investigated (Table 15.1), which is also present in forest

soils, can form stable mononuclear complexes in aqueous solution with trivalent

ions (Al3+, Cr3+, Ga3+, and Fe3+); and with divalent ions (Cu2+, Zn2+), it can

form multinuclear complexes (Zou and Boyer 2005). Although siderophores can

form complexes with other metal ions besides iron, these complexes often do

not complete their cycle of returning to the cell and delivering the metal ion

because they are not recognized, or because metal ion reduction does not occur

(Hider 1984; Clarke et al. 1987; Zou and Boyer 2005). These results are of great

importance in view of the role that siderophores may play for ECM fungi and their

host plants in metal-contaminated terrestrial ecosystems, where they might regu-

late the transport and mobility of these metal ions as part of detoxification

mechanisms. Nevertheless, research is still necessary to determine the conditions

under which siderophores can prevent the entrance of certain metal ions into the

cell, thereby reducing the toxic effect on the fungus and its host plant, or the

conditions under which the mobilization of metal ions could be increased, pro-

ducing an adverse toxic effect as has been observed in other microorganisms

(Arceneaux et al. 1984). Studies into the effects of ECM fungi on their host plants

growing in metal-contaminated soils have often been contradictory; some illus-

trate the beneficial effect of ECM fungi on the protection of their host plants,

while many others indicate an increase in metal ion uptake by mycorrhized plants

(Godbold et al. 1998; Jentschke and Godbold 2000). Perhaps the contradictory

effects described in the literature are related to the type of siderophore or other

metal-chelating agents being produced by a certain fungal species and to the

characteristics of the metal complexes formed.

From these results, it seems evident that there is a gap in our knowledge

regarding the production and characterization of siderophores by ECM fungi, in

the absence and/or presence of symbiotic association, since to date very few species

have been evaluated (Table 15.1). The role that siderophores play as chelators of

other metal ions besides Fe when EcM fungi are growing in contaminated environ-

ments must be investigated as part of possible detoxification mechanisms. Studies

are also needed in relation to the effect of other metal ions besides Fe on side-

rophore synthesis regulation in EcM fungi. In addition, investigations that con-

tribute to increasing our understanding of the role of fungal siderophores in the

metabolism of iron in plants are necessary to determine, for example, whether ECM

fungal siderophores are used by host plants, under what conditions and what

mechanisms are involved.
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15.3 Non-specific Metal-Chelating Agents: Low Molecular

Weight Organic Acids

Low molecular weight (LMW) organic acids, along with siderophores, are among

the main mediators of the biological weathering of soils caused by living organi-

sms, leading to the dissolution of a variety of minerals through a double effect of

metal cation chelation and anion displacement by protonation (Landeweert et al.

2001; Gadd 2007; van Sch€oll et al. 2008). In soils, organic acids come mainly from

plants that release them into the rhizosphere by exudation from their roots, as well

as from fungi and bacteria, and chemically they are carboxylic acids, with one or

more functional groups per molecule (e.g., formic, malic, oxalic, citric, succinic,

etc.). Those acids that present more than one carboxylic group (di- or tricarboxylic)

are important in the formation of complexes with metal ions and can be considered

as metal-chelating agents. Under the normally existing pH conditions in biological

systems, these acids are found in the form of carboxylate anions (e.g., oxalate,

citrate, etc.).

Citric (tricarboxylic) and oxalic (dicarboxylic) acids have been the most inves-

tigated in plants and fungi, mainly in saprophytes and pathogens, due not only to

their nutritional and physiological importance for these organisms, but also to their

industrial importance. Oxalate can form complexes with a variety of trivalent (e.g.,

Fe3+, Al3+, Cr3+) and divalent (e.g., Ca2+, Cu2+, Mg2+, Zn2+, Pb2+) metal ions and

also with actinides and lanthanides; some oxalates are soluble, like that of Fe3+, but

others can be insoluble like those of Ca2+ and Pb2+. Similarly, the citrate can form

different complexes with a variety of metal ions (e.g., Ca2+, Cd2+, Cu2+, Pb2+, Fe3+)

(Dutton and Evans 1996; Jones 1998; Gadd 1999).

LMW organic acids perform important and varied metabolic roles for living

cells and also participate in the mobilization and uptake of a series of mineral

nutrients (e.g., Fe and P), essential to the metabolism of plants and most micro-

organisms in the soil. LMW organic acids are directly involved in the biogeochem-

ical cycles of a variety of metal elements; they serve as pathogenic agents for

certain fungi and as wood biodeterioration agents for others; and they have been

involved in the detoxification of metal ions in plants, fungi, and bacteria (Dutton

and Evans 1996; Jones 1998; Gadd 1999, 2007; Landeweert et al. 2001). Although

LMW organic acids are important agents for the mobilization of mineral nutrients

from inorganic sources, the strategy most utilized by ECM fungi for the mobiliza-

tion of N and P from organic sources is enzyme production. Both strategies are used

with more or less efficiency depending on the fungal species (Chalot and Brun

1998; Landeweert et al. 2001).

Malate and citrate are the main acids released into the rhizosphere from many

plant roots under conditions of iron or phosphorus deficiency. In iron deficiency, it

has been suggested that citrate may participate in the dissolution and uptake of Fe3+

by forming Fe3+-citrate complexes in some dicotyledons (Jones 1998). In grasses,

phytosiderophores excreted by the roots may be responsible for the solubilization of

Fe3+ (Kraemer et al. 2006; Crowley 2006). On the other hand, oxalate, malate, and
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citrate have been involved in the detoxification of Al in plants through the forma-

tion of Al3+-organic acid complexes, which are of lower toxicity for plants than free

Al3+ (Jones 1998; Sch€ottelndreier et al. 2001).
LMW organic acids can regulate the speciation and bioavailability of certain

metal ions in soils through mobilization by acidification (protonation), formation of

soluble complexes (complexolysis), or immobilization by formation of insoluble

complexes. These mechanisms are of considerable importance in the acquisition of

essential metal ions or metal detoxification by LMW organic acids. The formation

of complexes, however, depends not only on the concentration of carboxylate

anions, but also on the type and concentration of metal ion, the pH of the medium,

and the stability constants of the complexes formed (Jones 1998; Gadd 1999;

Meharg 2003). Citrate, malate, and oxalate form stable complexes of high affinity

constants with trivalent ions like Fe3+ and Al3+. Oxalate also forms insoluble

complexes with Ca2+ and this is one of the main forms in which it is found in

soils, fungi, plants, and animals (Jones 1998; Gadd 1999). Despite the high affi-

nities for Fe3+, the stability constants of the complexes with organic acids are

inferior to those obtained with hydroxamate or catecholate (Hider 1984; Kraemer

2004), and therefore the role of siderophores in the uptake and transport of Fe3+

must be of higher relevance than chelation by organic acids for living organisms

dependent on these metal-chelating agents.

LMW organic acids have been studied in ECM fungi much more than side-

rophores, mainly in relation to the weathering of minerals. However, as in the case

of siderophores, most detailed studies are limited to a few fungal species. Organic

acid exudation by the hyphae of ECM fungi produces the solubilization and

mobilization of a variety of nutrients (P, K, Ca, and Mg) directly from solid mineral

substrates far from the rhizosphere, insoluble and inaccessible to the roots, thereby

contributing to the nutritional status of the host plants (Landeweert et al. 2001;

Gadd 2007; van Sch€oll et al. 2008). The formation of tubular pores in certain

minerals has been attributed to organic acid exudation by the hyphae of ECM

fungi inside mineral particles, and for this reason they are called rock-eating fungi.

In this way, the dissolution of minerals by ECM fungi to obtain essential ions is not

limited to an attack on particle surfaces, but inside the mineral particles as well

(Jongmans et al. 1997; Landeweert et al. 2001; van Sch€oll et al. 2008).
The exudation of LMW organic acids, mainly oxalate, by different ECM fungi

has been described in vitro in the absence of symbiotic association (Lapeyrie 1988;

Lapeyrie et al. 1991; Arvieu et al. 2003; Machuca et al. 2007), in the presence of

symbiosis (Ahonen-Jonnarth et al. 2000; Casarin et al. 2003; van Hees et al. 2005,

2006; van Sch€oll et al. 2006a), and also by ECM root tips harvested in forest

ecosystems (Rineau et al. 2008). Some of these studies have shown a greater

production of oxalate by mycorrhized compared to nonmycorrhized plants

cultivated under axenic conditions (Ahonen-Jonnarth et al. 2000; Casarin et al.

2003). P. involutus, one of the most studied species in relation to oxalate produc-

tion, can use bicarbonate (NaHCO3) as a source of C and ammonium (NH4
+), or

nitrate (NO3
�) as N sources to produce the acid and biosynthesis can happen

directly from oxaloacetate or via citrate, isocitrate, and glyoxylate (Lapeyrie 1988;
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Lapeyrie et al. 1991). In the presence of NO3
�, calcium carbonate (CaCO3) and

different concentrations of orthophosphate (Pi), P. involutus, H. cylindrosporum,
R. roseolus and, S. collinitus released oxalate and protons (H+) to the culture

medium (Arvieu et al. 2003). When carboxylates are exuded from the cells, the

negative charges must be balanced by a simultaneous efflux of positive charges

(like H+), leading to a reduction of pH outside the cells (Jones 1998; Casarin et al.

2003). The increase in the excretion of oxalate and H+ in the presence of CaCO3

suggests the importance that these fungal species may have in the mobilization

of nutrients in calcareous soils. In the rhizosphere of the associations between

R. roseolus and H. cylindrosporum with P. pinaster, it was possible to detect the

release of oxalate in presence of R. roseolus with simultaneous rhizosphere acidifi-

cation. However, no excretion of oxalate was obtained with H. cylindrosporum and

an alkalinization of the rhizosphere was observed (Casarin et al. 2003).

The excretion of citrate and succinate, in addition to oxalate, was detected in a

culture medium of R. luteolus, S. verrucosum and S. luteus. S. luteuswas the species
that produced the highest concentrations of all the organic acids and the only one

that also produced malonate. A strong pH reduction was also recorded in the

cultures of all the species (Machuca et al. 2007). It must be emphasized that even

though these species were not subjected to a nutrient deficit (P, N, or C) and used

NH4
+ as the source of N, they were able to excrete high organic acid concentrations

and H+. Strong acidification was also produced by these species in solid medium in

the presence of high concentrations of Cu2+ and Zn2+, but not in the presence of Cd.

This suggests that the capacity to produce organic acids and acidify culture media is

an intrinsic characteristic of these species. These species were harvested in forest

plantations of P. radiata, where the fruiting bodies were found frequently and in

large quantities in the different regions studied (Machuca et al. 2007). Van Sch€oll
et al. (2008) indicate that species of the genera Rhizopogon and Suillus are phylo-
genetically related to species of the genera belonging to brown rot fungi like

Serpula, Coniophora, and Hygrophoropsis, known to produce large amounts of

oxalate.

LMW organic acids have also been investigated with respect to the solubiliza-

tion of mineral nutrients from a great variety of insoluble substrates and their

connection to plant nutrition via ECM fungi. The mobilization of P and Ca from

the mineral apatite has been described (Wallander 2000a; Blum et al. 2002;

Wallander et al. 2003), as well as K from biotite, microcline, and phlogopite

(Paris et al. 1995, 1996; Wallander and Wickman 1999; Wallander 2000b). Using

pot experiments, P. sylvestris plants mycorrhized with P. involutus, Piloderma
croceum, and H. longicaudum were cultivated with mineral muscovite as the only

source of K and hornblende as the source of Mg (van Sch€oll et al. 2006b). Under
these conditions, P. involutus was the only species able to solubilize the muscovite,

but not the hornblende; mobilizing K for its host plants. The authors emphasize that

ECM fungi can indeed increase the dissolution of minerals in response to a

deficiency in nutrients, but the efficiency of the process is clearly species-specific.

The exudation of LMW organic acids has been related to metal ion detoxifica-

tion mechanisms in ECM fungi (Jentschke and Godbold 2000; Meharg 2003;
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Bellion et al. 2006) and plants (Jones 1998). LMW organic acids may act as

extracellular chelators, forming complexes with metal ions and preventing them

from entering the cell (avoidance mechanisms) in the same way that may occur with

siderophores (Jentschke and Godbold 2000; Bellion et al. 2006). In this respect,

there is a great deal of controversy, given that when LMW organic acids produce

the dissolution of certain minerals in soil, together with increasing the bioavail-

ability of essential metal ions, they may also cause the mobilization of potentially

toxic metal ions. Furthermore, the efflux of H+ that can occur with the exudation of

carboxylate anions may decrease the medium pH, increasing the bioavailability of

certain metal ions, making them toxic to fungi and plants (Gadd 2007).

When P. sylvestris seedlings mycorrhized with S. variegatus, R. roseolus, and
P. involutus were exposed to high concentrations of metals, a significant increase in

oxalate production was observed in the presence of S. variegatus and R. roseolus
exposed to Al. In addition, Cu exposure stimulated the production of oxalate in the

presence of S. variegatus and P. involutus, and, by contrast, Ni and Cd had no effect
on oxalate production (Ahonen-Jonnarth et al. 2000). Using several insoluble

minerals, the solubilization capacity was attributed to the strong decrease in

extracellular pH caused by different species of ECM fungi (Rosling et al. 2004),

and this decrease was also related to metal tolerance (Fomina et al. 2005). Ray and

Adholeya (2009) determined in vitro organic acid exudation by P. tinctorius and
S. verrucosum using coal ash pond. Formic, malic, and succinic acids were pro-

duced by the fungi and a variety of metals (Al, As, Cd, Cr, Ni, and Pb) were

detected in their mycelia. No oxalic acid production was described in this paper.

Large differences were observed between the strains regarding the patterns of

LMW organic acids exuded and metal accumulation. A correlation between organic

acid production and a metal accumulation in fungal mycelia was also demonstrated

(Ray and Adholeya 2009).

The presence of Ca oxalate crystals has been observed in the cultures of ECM

fungi, mycorrhized roots, in the rhizosphere, and around the hyphae of the extra-

radical mycelium (Cromack et al. 1979; Lapeyrie et al. 1990; Allen et al. 1996;

Mahmood et al. 2001; Tuason and Arocena 2009) and it has been suggested that

these crystals constitute a reservoir of Ca in the ecosystems, where they can also

affect phosphate availability (Dutton and Evans 1996; Gadd 1999, 2007). The

formation of these crystals by reprecipitation of solubilized Ca may serve as a

fungal detoxification mechanism when the plants grow in soils with high concen-

trations of Ca; this has also been suggested for other metals that form insoluble

oxalates (Cromack et al. 1977; Dutton and Evans 1996; Gadd 2007).

Even though metal tolerance has been extensively researched in ECM fungi, the

results with respect to the benefits of the fungi on their host plants can be contra-

dictory at times (Godbold et al. 1998; Jentschke and Godbold 2000; Gadd 2007).

This may be related to the lack of experimental evidence clearly showing which

mechanisms are involved and how much they contribute to tolerance in fungi. The

participation of chelating agents such as siderophores and LMW organic acids has

often been suggested among these tolerance mechanisms. However, to date, there

seem to be no conclusive studies that are able to correlate the degree of metal
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tolerance with the type and concentration of chelators produced by an ECM fungus

when exposed to high concentrations of one or several metals simultaneously. The

situation is of greater complexity when attempting to analyze the fungus–plant

system in contaminated soils where the mycorrhized roots might be exposed to

more than one metal ion and several other factors that affect the bioavailability

of metals. This knowledge is essential if the possible application of certain ECM

fungi is to be considered in bioremediation projects or degraded environment

reforestation.

15.4 Other Metal-Chelating Agents: Thiol-Peptides

Another group of agents with metal-chelating properties has been described in

some species of ECM fungi, but unlike siderophores and LMW organic acids,

they are more related to detoxification mechanisms than to metal ion nutrition or

mineral solubilization. This group includes MTs, PCs, and GSH, all the thiol

peptides (Gadd 1993; Meharg 2003; Pocsi et al. 2004; Bellion et al. 2006). These

peptides act intracellularly; once the metal ions have entered the cell, they regulate

or prevent the activity of metal ions in the cytosol through complexation. Thus,

unlike siderophores and LMW organic acids that can represent avoidance mechan-

isms in relation to metal detoxification, these peptides represent intracellular

detoxification mechanisms.

MTs are peptides of low molecular weight (6–7 kDa), rich in cysteine (Cys),

highly ubiquitous – given that they have been identified in animals, plants, fungi,

and some bacteria – with the capacity to chelate metals through the thiol (–SH)

groups. Some MTs can contain up to 60 amino acids, of which fewer than half

correspond to Cys; they do not exhibit aromatic amino acids or histidine. MTs can

form clusters with a large amount of divalent or monovalent metal ions through the

domains rich in Cys (Robinson et al. 1993). The biosynthesis of MTs is regulated at

transcriptional level by a variety of factors, among them some metals: Cd, Zn, Hg,

Cu, Au, Ag, Co, Ni, and Bi (K€agi and Sh€affer 1988); and of these Cu, Zn, Cd, Hg,

Bi, Ag, Au, as well as Pb and Pt can be indeed chelated (K€agi 1991). However, the
preference for one or the other metal, both in the regulation of biosynthesis and in

chelation, depends exclusively on the organism (Robinson et al. 1993; Hall 2002).

MTs were described in ECM fungi in 1986 and their production was induced by the

presence of Cd2+ in a P. tinctorius culture medium (Morselt et al. 1986). Later, the

production of MTs by P. involutus and L. laccata was shown, regulated by high

Cd2þ concentrations (Howe et al. 1997). Using HPLC, several thiol-containing

compounds were investigated in P. involutus (Courbot et al. 2004), with GSH,

g-glutamylcysteine, and a compound of low molecular weight being detected that

the authors suggested to correspond to MTs; all of these increased by exposing the

fungus to Cd2+. The genes that codify for MTs were characterized in P. involutus
(Pimt1 gene) (Bellion et al. 2007); the gene expression was regulated by Cu and Cd,

but not by Zn, and the overexpression of Pimt1 in a strain transformed from
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H. cylindrosporum gave it an increased tolerance to Cu. Recently, these genes were

also characterized in H. cylindrosporum and their regulation by Cu and Cd was

shown, but not by Zn, Pb, or Ni (Ramesh et al. 2009).

PCs are peptides rich in Cys, with a general (g-Glu-Cys)n-Gly (n ¼ 2–11)

structure, of low molecular weight, which in fungi does not seem to exceed

2 kDa. Unlike MTs, PCs are not codified in the genome and their presence has

been shown mainly in plants, where they have been related to the detoxification of

Cd (Cobbett 2000; Mejáre and B€ulow 2001; Hall 2002). They are synthesized from

GSH, through the action of an enzyme (PC synthase), whose activity is regulated by

metal ions such as Hg, Ag, Cu, Ni, Au, Pb, Zn, but mainly by Cd, which is the

strongest inducer of PC synthase (Gadd 1993; Cobbett 2000; Mejáre and B€ulow
2001). Until recently, there were no reports of their presence in ECM fungi, and

even the synthesis of these peptides has been shown in only a very few fungal

species (Bellion et al. 2006). Nevertheless, Collin-Hansen et al. (2007) described

for the first time the presence of PCs in the well known edible wild mushroom

Boletus edulis. In this fungus, metal exposure induced the production of thiol

compounds such as GSH, and an accumulation of Cd in the caps of this macro-

mycete was observed due to the formation of complexes with the PCs. When the

roots of Picea abies mycorrhized with L. laccata and the pure cultures of fungus

were exposed to Cd, an increase was detected in the GSH, but not in the MTs (Galli

et al. 1993). Recently, the role of tripeptide GSH (g-Glu-Cys-Gly) was established
as a key agent in the responses to various stress situations in fungi (Pocsi et al.

2004); and in the case of metal stress, GSH can act as a precursor to the synthesis of

PCs, as a scavenger of reactive oxygen species or as a metal-chelating agent (Ott

et al. 2002; Courbot et al. 2004; Heged€us et al. 2007).
PCs, like MTs, have not only been linked to metal detoxification, but also to the

regulation of the homeostasis of essential metal ions and other biological processes,

acting as xenobiotic detoxifying agents, or antioxidants (Gadd 1993; Rauser 1995;

Cobbett 2000; Bellion et al. 2006). Furthermore, these thiol peptides have also been

related to the accumulation capacity of metal ions in the fruiting bodies of some

basidiomycetes when they grow in contaminated environments, and this represents

an enormous risk to human health due to the high consumption of edible wild

mushrooms in many countries (Gadd 1993). Although there is a large number of

studies in the literature on the accumulation of metals, metalloids, and radio-

nuclides by several mushrooms (saprophyte and ECM fungi), most aim at deter-

mining the metal concentrations in the caps and stipes of the macrofungi and in

their growth substrates. Nevertheless, the physiological and biochemical mechani-

sms involved in the accumulation are still not well understood, and the participation

of metal-chelating agents like siderophores, MTs, PCs, and GSH have been sug-

gested and in some cases proven, as with B. edulis (Collin-Hansen et al. 2007). On

the other hand, a correlation between the GSH concentration and the Hg2+ and Cd2+

contents was described in the fruiting bodies of various ECM fungi (Kojo and

Lodenius 1989). Recently, Amanita stroboliformes and A. solitaria were described

as hyperaccumulators of Ag, accumulating 2,500 times more Ag in their fruiting

bodies than in the growth soil (Borovicka et al. 2007). Despite Ag accumulation
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mechanisms not being investigated in this study, it may be similar to that described

for saprophyte Agaricus bisporus, where the participation of MTs was suggested

(Byrne and Tusek-Znidaric 1990). The accumulation of 137Cs has been observed in

several species of saprophytes and ECM fungi, edible wild mushrooms (Gaso et al.

2000). Among these, the ECM fungus Clavariadelphus truncatus was described as

an accumulator of 137Cs, Rb, and Pb; and this was related to metal-chelating

compounds (siderophore-type) detected in its fruiting bodies (Gaso et al. 2007).

Given the metal-accumulation capacity of some macromycetes, their use as

bioindicators of contaminated environments has been suggested by several authors.

However, the variability in accumulation among fungal species is enormous and

depends on the developmental stage of the fruiting bodies, the type of metal, and a

series of environmental factors (Mejstrik and Lepsova 1993; Gadd 2007). More-

over, some ECM fungi may accumulate large concentrations of metals in their

fruiting bodies with respect to growth soils, even when they are grown in non-

contaminated environments. By contrast, other species exclude or do not accumu-

late metals in their fruiting bodies despite growing in close proximity to mine

tailings. For this reason, the use of some saprophytic or ECM macromycetes as

bioindicators of a metal-contaminated terrestrial ecosystem must be considered

with caution.

Some of the metal-chelating agents or mechanisms described here for ECM

fungi have also been described for arbuscular mycorrhizal fungi (AMF) (Khan et al.

2000; G€ohre and Paszkowski 2006). However, given the symbiotic dependency

required in AMF, the experiments are often of greater complexity. Regarding the

metal-chelating mechanisms, there is a great difference between both groups of

fungi, which is represented by glomalin, described to date exclusively in AMF.

Glomalin is a glycoprotein produced by the hyphae, capable of chelating metals

such as Cu, Pb, and Cd, and because of this some researchers have highlighted the

significant role of the glomalin-producing AMF in the stabilization of the contami-

nated soils and in the protection of their host plants (González-Chávez et al. 2004;

Khan 2006).

15.5 Biotechnological Potential of ECM Fungi Producing

Metal-Chelating Agents

The biotechnological potential of ECM fungi producing metal-chelating agents is

related to the isolated chelators with specific aims, or to the use of the fungi in the

presence or absence of symbiotic association. Due to their extremely efficient

metal-chelating properties, for many years the main application of siderophores

has been in chelation therapy to treat Fe and Al overload in humans; its possible use

in the decorporation of actinides is also being investigated. The main siderophore

used for this purpose is desferrioxamine B, a hydroxamate obtained from Strepto-
myces pilosus (Messenger and Ratledge 1985; Renshaw et al. 2002; Ansoborlo
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et al. 2007). However, siderophores can have other important applications related to

the environment; in the uptake of metals from industrial waste, low-grade ores,

serpentine soils, contaminated terrestrial and aquatic environments, tailings of

abandoned mines, etc. The uptake of metals can serve to remediate an environment

and/or recover metals for recycling. In addition, the capacity to chelate actinides

(Pu, U, Np, and Th) has been demonstrated in siderophores and for this reason their

application has been proposed for the remediation of radioactive waste and the

reprocessing of nuclear fuel (Hernlem et al. 1999; Renshaw et al. 2002, 2003). The

majority of these studies have been conducted with commercial hydroxamate

siderophores like desferrioxamine B and some with siderophore-producing soil

microbes (John et al. 2001; Keith-Roach et al 2005; Mullen et al 2007). Therefore,

this is an area where other fungal hydroxamate siderophores, like those produced by

ECM fungi, could have a great potential for application. Another important possible

application of siderophores is in the treatment of asbestos, a carcinogenic fibrous

mineral with varied industrial applications that is prohibited in many countries.

Although the toxicity mechanisms are not well understood, it is believed that the Fe

present on the surface of asbestos fibers cause cell damage by generating free

radicals. It was recently demonstrated that hydroxamates and soil fungi-producing

siderophores, among them ECM fungi, inactivate fibers by removing the Fe from

the material surfaces (Martino et al. 2003, 2004; Daghino et al. 2008). These fungi

represent a potential tool for the bioremediation of asbestos waste, contaminated

waters and soils, and asbestos abandoned mines. It must be pointed out that due to

their chelating properties, LMW organic acids could have most of the environmen-

tal applications found for siderophores, as previously described.

The identification and selection of new strains of ECM fungi, efficiently produc-

ing siderophores and/or LMW organic acids, is fundamental to the mycorrhization

of plants used in programs to recover degraded or destabilized forest ecosystems,

poor in mineral nutrients either from natural causes or through anthropogenic

action. The production of these chelators by ECM roots must contribute to the

solubilization and uptake of mineral nutrients into the rhizosphere, facilitating

the establishment and development of plants in these ecosystems. In addition, the

modifications in the speciation and bioavailability of metals and nonmetals as a

result of the chelators released by the hyphae beyond the rhizosphere promotes the

restoration in the mineral nutrient balance, favoring not only vegetal species, but

also all microorganisms inhabiting these ecosystems (Gadd 2007; Van Sch€oll et al.
2008).

The revegetation of metal-contaminated soils is another important application of

plants mycorrhized with ECM fungi producing a wide range of chelators: side-

rophores, LMW organic acids, MTs, PC, and GSH. Given that these chelators

contribute to the detoxification of metals through intracellular or extracellular

mechanisms, the fungal species that produce them must protect their host plants

in contaminated environments. This protection consists of excluding metals or

accumulating them in their fruiting bodies, using both ways to prevent their entry

into the mycorrhized roots. The use of plants in the bioremediation of soils

contaminated by metals, aided by synthetic chelators like EDTA and called assisted
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phytoremediation, has been described in the literature (Khan et al. 2000; Lasat

2002; Wenzel 2009). Plants inoculated with ECM fungi producing metal-chelating

agents could be used in the same way to aid in the increased uptake of metals by the

roots, and at the same time improve the nutritional status of the plants, and with it

the production of biomass for phytoremediation.

15.6 Conclusions

The results described illustrate the fundamental role that extracellular metal-

chelating agents like siderophores and LMW organic acids play in the acquisition

of essential metal ions for many ECM fungi and their host plants. At the same time,

siderophores and LMW organic acids, together with the intracellular thiol-peptides

metallothioneins, phytochelatins, and glutathione, have been related to detoxifica-

tion mechanisms and metal ion accumulation, when the ECM fungi are growing in

contaminated substrates or natural environments. Despite their biotechnological

potential, very few species of ECM fungi have been investigated in relation to the

production and characterization of metal-chelating agents. Moreover, the simulta-

neous production of more than one type of metal-chelating agent by the same fungal

species has not often been considered, even though the efficiency of the combined

action of these agents in the solubilization of minerals has been shown. Along with

this, the demonstration that the transfer of the genes that codify for the metallothio-

neins provides increased copper tolerance between fungal species indicates the

need to extend our knowledge regarding the genes that codify metal-chelating

agents and the factors that regulate their expression in ECM fungi. Because of

that, the urgent search for new species of ECM fungi producing more than one type

of metal-chelating agent efficiently is necessary, since these species could be

converted into valuable tools for applications in the bioremediation of substrates

or contaminated environments or in the rehabilitation of disturbed forest ecosys-

tems, alone or in association with their host plants. Nevertheless, success in the

application of ECM fungi based on metal-chelating agent production depends on

much-needed prior research that considers which type of metal-chelating agents are

being produced by the ECM fungi, alone or in symbiotic association under axenic

conditions. This is because, depending on the chelators produced, ECM fungi can

promote the mobilization of metals towards the interior of the roots, or they can

promote the immobilization of metals in the rhizosphere or the interior of their

cells, preventing entry into the roots. The results of these studies will make it

possible to select the most appropriate fungal partner for a particular vegetal species

under a certain metal-stress condition (by excess or deficit), before applying the

ECM fungi and/or ectomycorrhized plants in field assays.
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Chapter 16

Ectomycorrhiza and Secondary Metabolites

Hanna Dahm and Patrycja Golińska

16.1 Introduction

Approximately 6,000 species of ectomycorrhizal (EM) fungi have been described,

considerably more than arbuscular (AM) fungi. This has led to assumption that EM

fungi are most host specific than AM fungi. Host plant diversity, species composi-

tion, and age do have a role in regulation mycorrhizal communities. Some studies

also suggest that plant secondary metabolites (SM) which are in part under plant

genetic control can affect EM colonization.

The main function of SM is defense against herbivores and microbes; some SM

are signal and attract compounds for seed dispersing animals and some play a role

in the symbiotic relationships with plants and microorganisms.

Early in the twentieth century, it was considered that SM arise either spontaneously

or with the aid of nonspecific enzymes. Now, there is good evidence that biosynthetic

enzymes are highly specific. As a consequence of specific enzymatic synthesis, final

products always have a distinct stereochemistry (Wink 2008). Only the enzymes that

are involved in the degradation of SM (glucosidases, esterases, and other hydrolases)

are less substrate specific.

SM are not functionless waste products, but are important substances for the

symbiotic organisms. Precursor for SM synthesis usually derive from basic metabolic

pathways such as glycolytic, Krebs cycle, and shikimate pathway. These bioprocesses

may lead to synthesis of glucosinates, cyanogenic glucosides, alkaloids, nonprotein

aminoacids, amines, flavonoids, terpenes, quinoline, indole, pyrrolidine, pyrrolizi-

dine, alkaloids, cumarins, mono-, sesqui-, and triterpenes.

Some of the genes that encode biosynthetic enzymes have already been isolated

and characterized. Wink (2008) consider question of when, where, and how the plant

genes evolved that encode enzymes of SM biosynthesis, as well as those of transport,

storage, and turnover.
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Theoretically some scenarios can be considered:

l Secondary metabolism could be a young phenomenon and modern plants have

developed their pathways independently.
l Alternatively, secondary metabolism is an old innovation, which was developed

early in the evolution of land plants and was inherited by modern plants.
l Plants could have developed the genes of SM from their own genes of primary

metabolism. Starting with duplication of a gene, the new gene became mutated,

exhibited new metabolic functions and was established by natural selection.
l Plant might have inherited some of the genes in early evolution by horizontal

gene transfer from their bacterial symbionts, which later developed into modern

mitochondria and plastids. Bacteria, especially Actinomyces, Streptomyces, cya-
nobacteria produce a wide diversity of SM, showing similar structures as plant

SM (antraquinones, terpenoids, and alkaloids).

About 80% of modern plants live in symbiosis with fungi (endo-, ectomycor-

hiza). These fungi could directly have supplied its host with SM or might have

transferred (horizontal) the genes to the host’s genome.

Environmental factors (biotic and abiotic) control and regulate the biosynthesis

of SM in plants (Laitinen et al. 2005; Zhi-lin et al. 2007).

As a defense reaction plants evolved bioactive compounds, which repel, deter, or

poison herbivores and which can inhibit growth and development of bacteria, fungi,

and viruses. Some of the defense compounds are constitutive, while others can be

induced under stress conditions. Several SM (phytoalexins) and defense proteins

are synthesized de novo when plant is invaded by microorganisms (Wink 2008).

Type of SM Estimated numbersa

Nitrogen containing SM
Alkaloids 21,000

Nonprotein amino acids (NPAAs) 700

Amines 100

Cyanogenic glycosides 60

Glucosinolates 100

Alkylamides 150

Lectins, peptides, polypeptides 2,000

SM without nitrogen
Monoterpenes (C10)b 2,500

Sesquiterpenes (C15)b

Diterpenes (C20)b
5,000

2,500

Triterpenes, steroids, saponins (C30, C27)b 5,000

Tetraterpenes (C40)b 500

Flavonoids, tannins 5,000

Phenylpropanoids, lignin, coumarins, lignans 2,000

Polyacetylenes, fatty acids, waxes 1,500

Polyketides 750

Carbohydrates, simple acids 400

aApproximate number of known structures
bTotal number of all terpenoides exceeds 22,000 at present
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In the plant–microbe interaction, coevolution between plants and their microbial

partners are mediated via plant chemical defense. Plant SM usually act as signal

molecules or respond to pathogen and symbiont colonization. Mycorrhizal associa-

tions are themost importantmutualist symbiosis which involve three-way interactions

between plants, mycorrhizal fungi, and soil factors. Interactions in the mycorrhizal

associations between macro- and microsymbiont in contrast to plant–pathogen inter-

actions are for both profitable.

In presymbiotic phase, plant and their fungal partner secret signals into soil,

mostly SM, recognized by roots and mycelium, inducing morphological and phys-

iological modifications.

According to some investigators (Baron and Zambryski 1995; Garcia-Garrido

and Ocampo 2002) signal perception and transductions proceed via similar path-

ways between symbiosis and pathogenesis of plants. However, the defense response

in plant-mycorrhizal is probably weak.

The nature of signaling molecules, signal perception, and transduction in mycor-

rhiza are unknown or mistakenly denied (Martin et al. 2001). In the first stage, host

plants release into the rhizosphere metabolites that are able to trigger basidiospore

germination, growth of hyphae toward the roots and the early steps of mycorrhizal

formation.

According to Kottke and Oberwinkler (1987), Horan et al. (1988), Lagrange

et al. (2001), Martin et al. (2001), molecules that control the interactions between

symbionts can be classified as follows:

l Tropism of hyphae for root tissues (rhizospheric signals)
l Attachment and penetration of host tissues by hyphae (adhesions, hydrolases)
l Induction of organogenetic programs in both fungal and root cells (hormones

and secondary signals)
l Facilitating survival of the mycobiont despite plant defense responses
l Coordinating strategies for exchanging carbon and other metabolites for plant

Signals secreted into the rhizosphere can include flavonoids, terpenes, hormones,

and various nutrients. These substances stimulate growth and modified hyphal

morphology.

Some of these substances might be produced and released into rhizosphere by

bacteria, namely mycorrhization helper bacteria (MHBs). Root exudates enhanced

accumulation of fungal molecules such as hypaphorine, the betaine of tryptophan

(Martin et al. 2001). This fungal alkaloid is the major indole compound produced in

larger amounts by some EM fungi (e.g., Pisolithus sp.) during mycorrhiza formation

and development (Béguiristain and Lapeyrie 1997; Martin et al. 2001).

Hypaphorine induces morphological changes in root hairs, which lead to a

decreased rate of elongation and transitory swelling of the apex of the root hair

(Ditengou et al. 2000).

Root hairs are a significant site for microbial interaction in the rhizosphere and it

has been suggested that interaction between the EM fungus and root hairs may play

a role in the symbiosis development. Growth in root hairs is associated with an

apex-high cytosolic free Ca2þ gradient generated by a local Ca2þ influx at the tip.
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Some investigators suggest that hypaphorine-induced cytoskeleton changes are

related to interaction with calcium channels, cofilin/actin depolymerizing proteins

and auxin signaling pathways (Ditengou et al. 2000).

The aim of this chapter was to point out a presence of various SM released both

the micro- and macrosymbiont to the mutual interactions zone.

Any such chemical compounds (both the volatile and nonvolatile ones) affect

either positively or negatively the mycorrhiza symbiosis formation and functioning

as well as such chemical compounds interact between themselves. The role of some

metabolites in these processes is better known (auxins), however any importance of

the majority of them is still unknown and requires future, detailed studies.

16.2 Flavonoids

Flavonoids are derived from y-pyrone. They are either 2-phenylbenzopyrone or

3-phenylbenzopyrone. More than 1,300 different flavonoid compounds have been

isolated from plants. Individual flavonoids in a group differ from each other by the

number and position of the hydroxyl, methoxy, and sugar substituents.

2-Phenyl-1,4-benzopyroneO

O

Flavonoid compounds occur in plants as glycosides, with hexoses such as glucose,

galactose and rhamnose, and pentoses such as arabinose and xylose as the most

commonly found sugars. The sugars can be attached singly or in combination with

each other.

Flavonoids are synthesized by the phenylpropanoid metabolic pathway in which

the amino acid phenylalanine is used to produce 4-coumaroyl-CoA. This can be

combined with malonyl-CoA to yield of compounds called chalcones, which

contain two phenyl rings. Conjugate ring-closure of chalcones results in the familiar

form of flavonoids, the three-ringed structure of a flavone.

Flavonoids form a large and heterogeneous group of SM having a bioactive role

in the major processes of plants (e.g., attraction of seed disperses, defense reaction

against predators, pathogens and abiotic stress condition [Taylor and Grotewold

2005; Niemi et al. 2007]).

Some authors suggest the role of flavonoids in modulating cell signaling path-

ways including polar auxin transport (Brown et al. 2001; Peer et al. 2004; Kakiuchi

et al. 2006).

Despite increasing evidence the role of flavonoids and other phenolic substances

in plant development, their role in EM symbioses is contradictory. Studies on the

changes in the concentrations flavonoids in Scots pine seedlings during the
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establishment of the EM symbiosis with Suillus variegatus showed that in contrast

to shoots, the concentrations of catechin and condensed tannins showed a tendency

to decrease in the roots of both noninoculated and inoculated seedlings and regard-

less of high mycorrhiza frequencies the fungi caused hardly changes in the flavo-

noid concentrations of the roots.

Weiss et al. (1997, 1999) suggested that catechin and epicatechin accumulated in

the inner part of the cortex to prevent the growth of the EM fungus into the inner

cortex.

Epicatechin

In contrast, Beyler and Heyser (1997) reported that reduction of catechin and

epicatechin in the root tips is a prerequisite for rapid mycorrhization. Similarly,

Sch€utzend€ubel and Polle (2004) showed that Scots pine short root tips covered

by the mycelium of Pisolithus tinctorius contained less catechin than nonmycor-

rhizal ones.

16.3 Terpenes

Terpenes are widespread in nature, mainly in plants as constituents of essential oils.

Many terpenes are hydrocarbons, but oxygen-containing compounds such as alco-

hols, aldehydes, or ketones (terpenoids) are also found. Their building block is the

hydrocarbon isoprene, CH2 ¼ C(CH3)–CH ¼ CH2.

Terpene hydrocarbons are classified according to the number of isoprene units:

monoterpenes (2 isoprene units [i.u.]), sesquiterpenes (3 i.u.), diterpenes (4 i.u.),

triterpenes (6 i.u.), tetraterpenes (8 i.u.). Examples of monoterpenes are: pinene,

nerol, citral, camphor, menthol. Examples of sesquiterpenes are: nerolidol, farne-

sol. Examples of diterpenes are: phytol, vitamin A1. Squalene is an example of a

triterpene and carotene is a tetraterpene.

When terpenes are modified chemically, such as by oxidation or rearrangement

of the carbon skeleton, the resulting compounds are generally referred to as

terpenoids. Terpenoids are also known as isoprenoids.

Terpenes are produced by a wide variety of plants, particularly conifers. They

are the major components of resin and of terpentine produced from resin. In

conifers, biosynthesis and infiltration of tissues with resins are involved in defense

system in response to wounding and subsequent inhabitation of the wounds by fungi

and insects (Higuchi 1985; Werner 1993; Napierała-Filipiak et al. 2002). The

response is nonspecific and similar after wounding and infection.
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Members of Pinaceae produce two types of resins – oleoresin and parenchyma

resins. Oleoresin is a super saturated solution of resin acids in liquid terpenes and is

located in resin ducts and surrounding epithelial cells. Parenchyma or medullary

resins are composed mainly of fatty acids (Prior 1976; Napierała-Filipiak et al. 2002).

Pine oleoresin contain 60–70% resin acids. The rest is comprised of volatile and

other terpenoids. Among monoterpens, a-pinene, D3-carene, and b-pinene domi-

nate in the volatile fraction (Asiegbu et al. 1998).

The monoterpenes are toxic to wood-fungi, whereas the resin acids display low

toxicity and function mainly as mechanical barrier (Prior 1976; Napierała-Filipiak

et al. 2002). According to Mekin and Krupa (1971) and Krupa et al. (1973) volatile

substances may play a role in the initiation and development of the mycorrhizal

symbiosis, because colonization of pine roots by different mycorrhizal fungi results

in quantitative changes in the concentration of the individual volatiles.

Phenolics and volatiles are significant factor root exudates and influence the

activity of the rhizosphere microorganisms. Due to their volatility, the monoter-

penes and some sesquiterpenes can display significant effect on fungi composition

structure (Smith 1987). They can regulate competitive or antagonistic interactions

and finally create environment stimulating the symbiotic associations.

Forest litter reach in volatile substances may be too a significant factor in the

interactions between microorganisms in soil and rhizosphere. Koide et al. (1998)

found that á-pinene and â-pinene showed differential effects on the growth of

various EM fungi.

Varese et al. (1996) observed enhanced fungal growth due to volatiles; however,

the stimulation was seldom significant as some of the substances, when present in

sufficient concentration, may cause inhibition of the vegetative growth of mycor-

rhizal and pathogenic fungi outside the roots.

Differences in the sensitivity of EM fungi to several volatile substances might

characterize of their ability to induce host reaction and consequently the ability to

initiate symbiosis (Mekin and Krupa 1971; Napierała-Filipiak et al. 2002). Increased

production of volatile and nonvolatile substancesmight be amechanism of control over

growth of mycorrhizal fungi in tissues of macrosymbiont (Molina and Trappe 1982).

Although the major volatiles identified in nonmycorrhizal and mycorrhizal roots

of pine, the degree of accumulation of several compounds varied among fungal

treatments. This suggests that each mycorrhizal fungus may elicit a different response

in trees (Napierała-Filipiak et al. 2002). Also in the previous study by Krupa et al.

(1973), the diverse levels of D3-carene and b-phellandrene in roots of Pinus echinata
inoculated with P. tinctorius and Cenococcum graniformewere explained in terms of

the different ability to elicit a specific host response of the two fungi.

16.4 Plant Growth Regulating Substances (phytohormones)

It is assumed that hormones of plant and fungal origin may take part information and

functioning of mycorrhizae (Gogala 1991). Phytohormones, SM synthesis by plant

and EM fungi include auxins, cytokinins, GAs, abscisic acid (ABA), ethylene as well
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as alkaloids and phenylglycoside (Gogala 1991). The soil pool of phytohormones

might have partially originated from plants released into the rhizosphere as root

exudates and/or synthesized by soil microorganisms. These biomolecules respond to

exchange of rhizospheric signals between microorganisms and plants. Signal percep-

tion may culminate in the induction of down-stream target gene products whose

expressions are physiological and/or development responses (Martin et al. 2001).

16.4.1 Auxins

Several naturally occurring auxins include indole-3-acetic acid (IAA), its haloge-

nated derivatives (4-Cl-IAA), and indole-3 butyric acid (IBA). On molecular level,

auxins have an aromatic ring and a carboxylic acid group.

Auxins play an essential role in coordination of many growth and behavioral

processes in the plant life cycle. They act in concert with (or opposition) other plant

hormones. For example, the ratio of auxin to cytokinin in certain plant tissues

determines initiation of root vs. shoot buds.

The plant hormones stimulate cell elongation. Auxin induces new root formation

by breaking root apical dominance induced by cytokinins. However, high concen-

tration of auxin inhibits root elongation and instead enhances adventitious root

formation. In low concentration, auxin can inhibit ethylene formation and transport

of precursors in plant; however, high concentration of auxin can induce the synthesis

of ethylene.

Auxin production is widespread among many mycorrhizal fungi (Gay 1986; Gay

and Debaud 1987; Frankenberger and Poth 1987; Kampert and Strzelczyk 1989).

Several studies have demonstrated increased auxin content (hyperauxiny) in

response to mycorrhizal infection, which may indicate a role of auxin in EM

symbiosis. Studies initiated by Slankis (1950) had shown that auxins as well as

cytokinins are necessary for the formation of mycorrhizal structures.

Auxins added to the synthetic media inhibited elongation of pine seedlings

roots. The roots became thicker and dichotomically branched devoid of roots

hairs and caps, structures characteristic for the nonmycorrhizal roots.

OH

N
H

O

IAA

Many studies indicate that changes in auxin balance are a prerequisite for

mycorrhiza organogenesis (Gay et al. 1994; Martin et al. 2001). EM fungi enhance

proliferation of short roots and the presence of plant-derived tryptophan in the root

exudates could be sufficient for EM fungi to enhance the biosynthesis of fungal IAA

(Rupp et al. 1989).
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Although the structure of ectomycorrhizae in a natural habitat may show consid-

erable variation, common features are a swollen appearance, lack of root hairs, and

variable radial growth of cortical cells within the swollen region (Slankis 1973).

The fact that roots are very sensitive to auxins and that auxins take part in many

physiological and metabolic processes can be expected that the presence of excess

auxin in mycorrhizae would profoundly affect their physiology and metabolism.

EM roots morphology reflect a specific physiological and metabolic state which is

necessary for the functioning of the symbiosis.

According to Slankis (1973), the hyperauxiny in mycorrhizal roots is more

likely to result from the host plant’s endogenous auxins than from the fungus

auxins. However, seedlings of pine inoculated with mutant strain of Hebeloma
crustuliniforme that overproduced IAA generated an increased number of EM

roots (Gay et al. 1994).

16.4.2 Cytokinins

Cytokinins are N6-substituted aminopurines, including ribosides, ribotides, and

glucosides. These are adenine derivatives characterized by their ability to induce

cell division in tissue culture in the presence of auxins. The most common cytokinin

in plants is zeatin, which is converted to other cytokinins. Over 40 cytokinins have

been characterized in plant tissues (McGaw and Burch 1995).

Cytokinins are responsible for the translocation of carbohydrates to the mycor-

rhizal roots. They also act indirectly on the activity of auxins (Gogala 1991).

Several mycorrhizal fungi have been shown to be capable of producing cytoki-

nins in vitro. However, it is unclear whether these fungi that are capable of

producing cytokinins also do so in association with the macrosymbiont (Arshad

and Frankerberger 1998). No direct, unequivocal evidence indicates that cytokinins

are a prerequisite for the formation of mycorrhizae. However, higher cytokinin

levels in mycorrhizal plants have been reported, but the source of increased

cytokinin levels in mycorrhizal plants is somewhat unresolved.

Allen et al. (1980) reported higher cytokinin activity in mycorrhizal plants

compared with noninfected (control) plants. Similarly, Thiagarajan and Ahmad

(1994) reported significantly greater cytokinin content (156%) in mycorrhizal roots

compared to nonmycorrhizal roots.

Several other studies confirmed these findings and provided evidence that

inoculation with mycorrhizal fungi results in increasing the endogenous cytokinin

contents of host plants (Dixon 1989; Danneberg et al. 1992).

In the plant root zone (rhizosphere), there are also plant growth regulators

elaborated by microorganisms accompanying mycorrhizae (Strzelczyk and Pokojska-

Burdziej 1984) and those originating from the root exudates (Gogala 1991).
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Little is known about the direct effects of these compounds on mycorrhizal fungi.

However, Pokojska et al. (1993) showed differences in the effects of plant regulators

on mycorrhizal fungi (H. crustuliniforme, Laccaria laccata, Rhizopogon vinicolor)
depending upon the kind of hormones, its concentration, and the kind of fungus.

Kinetin inhibited biomass production by L. laccata in a liquid medium but it did

not inhibit the linear growth of this fungus on agar medium. Reverse results were

observed with R. vinicolor.
Auxins did not affect the growth of L. laccata, but some of them exhibited

both inhibitory and stimulatory effects on the growth of H. crustuliniforme and

R. vinicolor depending upon the concentration and type of the medium.

Gogala and Pohleven (1976) have shown that cytokinins promoted the mycelial

growth of S. variegatus and affected the content of K, Ca, P, and Na in the

mycelium of this fungus. In the presence of kinetin, the uptake of Cd, Zn, P by

some EM fungi increased significantly (Stegnar et al. 1978).

The importance of auxins and cytokinins in plant growth and development is

known. The role of these substances in microorganisms is not elucidated as yet.

According to the data obtained from the literature, it can be assumed that auxins and

cytokinins do not play the role of hormonal factor in microorganisms (Gogala and

Pohleven 1976; Pohleven and Gogala 1986; Gogala 1989; Pokojska et al. 1993).

16.4.3 Gibberellins (GAs)

GAs are tetracyclic diterpenoid acids with an ent-gibberellane ring system. Meva-

lonic acid is the primary precursor of GAs biosynthesis in plants.

Although the most widely recognized gibberellin is GA3 (gibberellic acid)

which is a fungal product, the most active GA in plants is GA1 which is primarily

responsible for stem elongation (Arshad and Frankerberger 1998).

Gibberelic acid

OH
O

COOH

CH2

H3C

HO

CO
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Very little work has been conducted on the detection of GAs released by

mycorrhizal fungi. Gogala (1971) detected gibberellin-like substances in culture

medium of the EM fungus Boletus edulis and Ho (1987) in culture of P. tinctorius.
Strzelczyk et al. (1975) found gibberellin-like substances produced by Suillus
bovinus, H. crustuliniforme, and C. graniforme.

16.4.4 Ethylene

Ethylene is synthesized from methionine in many plant tissues, mostly in response

to stress (Arshad and Frankerberger 1998). It is the only hydrocarbon (C2H4) with a

pronounced effect on plants and is involved in developmental processes, from

germination of seeds to senescence of various organs.

H2C¼CH2

Graham and Linderman (1980) found that EM fungi produced ethylene when

grown in medium containing methionine. DeVries et al. (1987) noted an apparent

correlation between C2H4 production and morphological effects, such as stimula-

tion of lateral root formation by mycorrhizal fungi.

16.4.5 Abscisic Acid

ABA is a sesquiterpene, derived from mevalonic acid. ABA appears to act as much

as a promotor (e.g., storage protein), as an inhibitor, and a more open attitude

toward its overall role in plant development is warranted (Davies 1995).

Abscisic acid (ABA)

OH
COOH

O

Production of ABA by mycorrhizal fungi has not been demonstrated as yet;

however, few studies have investigated the alteration in ABA levels in mycorrhizal-

infected plants.

16.5 Sterols

Sterols play an essential role in the physiology of eukaryotic organisms. Sterols are

also known as steroid alcohols. They are a subgroup of steroids with a hydroxyl

group. They are amphipathic lipids synthesized from acetyl-coenzymes.

Ergosterol is a component of fungal cell membranes, serving the same function

that cholesterol serves in animal cells. Ergosterol is used as an indicator of fungal

biomass in soil.
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Ergosterol

The composition of fatty acids and sterols in soil lipid fraction is often used as an

indicator for the changes of soil microorganisms.

Laczko et al. (2004) performed an experiment in which seedlings of Pinus
sylvestris and EM fungus P. tinctorius were grown separately or combined to

form ectomycorrhiza. Fatty acids of the neutral lipid fraction (NLFAs) and the

phospholipids fraction (PLFAs) as well as sterol were identified. When grown

separately, the two organisms differed strongly with respect to the sterol composi-

tion. Sterols had a much higher relative abundance in the fungus in comparison with

the plant and the two main fungal sterols, ergosterol and 24-ethyllanosta-8,24(24)-

diene-3 beta, 22 zeta-chiol (Et lano 8.24) as well as six minor fungal sterols were

not found in the plant roots. When the fungus and plant were brought together, there

was a drastic change in the lipid composition of the root.

It was detected that in symbiosis, the fungus transports plant lipids from the

symbiotic interface to the extramatrical mycelium. Concerning sterols, the extra-

matrical mycelium acquired only a small amount of plant-specific sterols. However,

its ergosterol content steadily decreased whereas the content of Et lano 8,24

remained high, causing the ratio of these two sterols to decrease from 1:70 to

1:20, whereas in the EM roots, the opposite phenomenon occurred, so that the ratio

increased to a value of almost 1:1.

These results showed that an EM fungus may display markedly different lipid

composition in its intraradical and extraradical part and highlight a potential role of

plant lipid transfer from the root to the fungus in the functioning the of EM symbiosis.

16.6 Conclusions and Future Perspectives

Production of SM is widespread among plants and rhizosphere microorganisms

including mycorrhizal fungi. However, conditions in the rhizosphere are often quite

variable and many factors, mainly availability of nutrients composition and amount

of root exudates as well as interaction between rhizosphere microorganisms, can

affect the synthesis of SM by plants and microorganisms associated with plant root.

Research on the role of SM in the initiation development function of mycorrhiza

is mainly concerned with two tasks: the determination of their role in the meta-

bolism, growth, and development of the mycorrhizal fungi and the determination

of their role in root morphology in the growth of the entire plant and in causing

metabolic changes in plants.
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Widespread ability of mycorrhizal fungi to produce plant hormones in culture

media and induction of mycorrhizal-like changes in response to exogenous applica-

tion of plant hormones favor the speculation that fungal hormones may have a role in

establishment of the symbiotic relation and in the physiology of mycorrhizal plants.

However, physiology of hormones released by the microsymbiont and the role of

these metabolites in the symbiotic association are still poorly understood. Very

little is known about the molecules regulating the interaction between plants and

EM fungi during root colonization.

The role of fungal auxin in ectomycorrhiza has repeatedly been suggested and

questioned, suggesting that, if fungal auxin controls some steps of colonized root

development, its activity might be tightly controlled in time and in space by plant

and/or fungal regulatory mechanisms.

Increase in auxin synthesis or auxin accumulation was noted in most plant–

microbe interactions in plant tissues. However, in some interactions (e.g., P. tinctorius
and Eucalyptus) downregulation of the auxin activity in the host plant was

observed.

It is assumed that hypaphorine (betaine of tryptophan) might be the specific IAA

antagonist.

Despite increasing evidence, the role of flavonoids and other phenolic sub-

stances in EM symbiosis is yet contradictory. The change in the balance of plant

hormones and other SM have yet to be examined for plant development and first

signal for initiation of mutualistic symbiosis. Understanding of these problems

could be of great ecological benefit to the agriculture and forestry industry.

A large number of studies have verified that multiplicity of signals and diversity

of signaling pathways exist during the establishment of mycorrhizal associations

with regulation of symbiosis-specific genes expression.

In presymbiotic phase, plant and their fungal partner secrete signals into soil,

mostly SM inducing morphological and physiological changes. The nature of the

signals released by the EM symbionts and processes triggering the expression of

genes that participate and regulate symbiosis in partner recognition are only the

beginning to be understood. Although many genes have been identified in various

EM association, the product of which play role in recognition and attachment of the

mycobiont on the root surface remains unknown. Many questions concerning the

differentiation of plant and fungal symbiotic structure are also poorly recognized. It

is interesting to be analyzed how is elicitor’s signal achieved depending on the

activation factors and which substances participate in this signaling network.
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Béguiristain T, Lapeyrie F (1997) Host plant stimulates hypaphorine accumulation in Pisolithus
tinctorius hyphae during ectomycorrhizal infection while excreted fungal hypaphorine controls

root hair development. New Phytol 136:525–532

Beyler M, Heyser W (1997) The influence of mycorrhizal colonization on growth in the green-

house and on catechin, epicatechin and procyanidin in roots of Fagus sylvatica L. Mycorhhiza

7:171–177

Brown DE, Rashotte AM, Murphy AS, Normanly J, Tague BW, Peer WA, Taiz L, Muday GK

(2001) Flavonoids act as negative regulators of auxin transport in vivo in Arabidopsis. Plant
Physiol 126:524–535

Danneberg G, Latus C, Zimmer W, Hundeshagen B, Schneider-Poetsch H, Bothe H (1992)

Influence of vesicular-arbuscular mycorrhiza on phytohormone balances in maize (Zea mays L.).
J Plant Physiol 141:33–39

Davies PJ (1995) The plant hormones: their nature, occurence, and functions. In: Davies PJ (ed)

Plant hormones: physiology, biochemistry and molecular biology. Kluwer Academic Publish-

ers, Dordrecht, The Netherlands, pp 1–12

DeVries HE, Mudge KW, Lardner JP (1987) Ethylene production by several ectomycorrhizal

fungi and effects on host root morphology. In: Sylvia EM, Hung LL, Graham JH (eds)

Mycorrhizae in the next decade. Institute of Food and Agricultural Sciences, University of

Florida, Gainesville, p 245
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Chapter 17

C:N Interactions and the Cost:Benefit Balance

in Ectomycorrhizae

Ana Corrêa and Maria-Amélia Martins-Loução

17.1 Introduction

Mycorrhizal (M) symbioses are known to improve plant nutrient uptake due to the

fine exploration of the substrate by the fungal hyphae, while in return the plant

supplies the fungus with carbohydrates that are essential for the completion of its

life cycle.

The fungal hyphae constitute an extension of the nutrient absorption surface

since they penetrate the soil more extensively than the root. The nutrients can be

translocated through the depletion zones surrounding the roots, and inaccessible

sources of nutrients can be mobilized. Due to their high surface-to-volume ratio and

capacity for rapid exponential growth, fungal hyphae are superior to roots in the

acquisition of immobile nutrient ions from the low and both spatially and tempo-

rally variable nutrient concentrations in natural soils. Fungi may also have access to

other nutrient sources than plant roots, namely through production of degradative

extracellular enzymes or organic acids (Leake and Read 1990; Zhu et al. 1994).

In particular, the role of ECM in improving the nitrogen (N) nutrition of the host

plant is of central importance in this association, as ECM fungi evolved, and ECM

interactions predominate, in N-limiting ecosystems (Martin and Botton 1993; Read

and Pérez-Moreno 2003).

At the other end of the mycorrhizal partnership, the fungus is also dependent on

the carbon (C) supply by the plant. A substantial part of the C fixed through
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photosynthesis is allocated to the fungus, for formation, maintenance, and function-

ing of mycorrhizal structures (Jones et al. 1991; Wu et al. 2002; Heinemeyer et al.

2006). Host-derived carbohydrates are necessary for the mycorrhizal fungus as

precursors for the synthesis of fungus-specific carbohydrates and sugar-alcohols

like trehalose, glycogen or mannitol (Fajardo-López et al. 2007; Deveau et al.

2008), and fruit-body production has been shown to be dependent on the current

photoassimilates provided by the host plant (Lamhamedi et al. 1994).

This exchange of nutrients for C is the very core of the association. Unraveling the

C and nutrient fluxes between symbionts is therefore essential for its understanding.

17.2 Nitrogen

The ability of ECM fungi to take up inorganic nitrogen and transport nitrogen-

containing solutes to their host plant is well established (Chalot and Brun 1998;

Chalot et al. 2002). M roots and external hyphae have been found to have more

transporters and higher N uptake rates than nonmycorrhizal (NM) roots (Javelle

et al. 1999; Selle et al. 2005).

More specifically, ECM fungi can help increase ammonium (NH4
þ) uptake. Most

of the tree species present in ECM-dominated ecosystems, as well as most ECM

fungi, prefer NH4
þ to nitrate (NO3

�) as N source, presenting higher NH4
þ uptake

rates and growth than the ones measured for NO3
� (Eltrop and Finlay et al. 1992;

Marschner 1996; Anderson et al. 1999; Plassard et al. 2000; Fig. 17.1). The ECM

fungus Laccaria bicolor was found to have a widely expanded NH4
þ transporter

family (AMT) when compared with other basidiomycetes, indicating a higher poten-

tial for its uptake (Lucic et al. 2008). Correspondingly, the uptake of NH4
þ is

generally improved in ECM plants, whereas the same has less frequently been

observed for NO3
� (Eltrop and Marschner 1996; Plassard et al. 2000). The impor-

tance of the external hyphae as NH4
þ-absorbing structures in ECM roots has been

demonstrated. Hyphal NH4
þ acquisition was observed to contribute with 45–73% of

total plant N uptake under N deficiency (Brandes et al. 1998; Jentschke et al. 2001),

and the 15N ammonium uptake by birch seedlings was greatly decreased when the

external mycelium was disrupted (Javelle et al. 1999).

Organic N may also play an important part in N nutrition of both ECM fungi and

their host plants. In pure culture, some ECM fungi have been shown to readily

assimilate amino acids (a.a.) and amides that appear to occur in significant amounts

in soil solution such as glutamine, glutamate, and alanine (Anderson et al. 1999;

Tibbett et al. 2000; Fig. 17.1). Recent evidence has been reported that this is also the

case under natural conditions (Treseder et al. 2008). Genes encoding a.a. transpor-

ters have been isolated in A. muscaria (Nehls et al. 1999) and Hebeloma cylin-
drosporum (Wipf et al. 2002), and evidence has been obtained of the existence of a

proton symport mechanism for a.a. uptake in Paxillus involutus (Chalot et al. 1996),
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Fig. 17.1 Possible N and C transfer mechanisms, and their interactions. (a) Most ECM fungi

prefer NH4
þ as N source, which is taken up through plasma membrane fungal Amts. They can also

take and use NO3
� and several forms of organic N. Evidence has been obtained of a proton

symport mechanism for a.a. uptake (Chalot et al. 1996), general a.a. permeases (Nehls et al. 1999;

Chalot et al. 2002, 2006), and transporters of a.a. (Nehls et al. 1999; Wipf et al. 2002), peptides

(Bendjia et al. 2006) and urea (Morel et al. 2008). (b) a.a. are thought to be the main sink for the

assimilated N, and the N form that is transported inside the mycelium and to the mantle, where the

absorption by the root system takes place. No transport mechanisms have been identified so far, but

a.a. transfer from the fungus to the plant has been confirmed (e.g., Blaudez et al. 2001). (c) The

direct transfer of arginine-derived NH4
þ has also been suggested (Selle et al. 2005; Chalot et al.

2006). (d) Transfer of NH4
þ-derived NH3 has also been hypothesized (Chalot et al. 2006). NH3

transfer to the apoplast may happen through passive diffusion, driven by a favorable concentration

gradient, or through ammonia-loaded vesicles which would fuse with the plasma membrane and

release ammonia into the interfacial apoplast. (e) Transfer of NH4
þ from the apoplast to the plant

host cytoplasm might involve plant Amts or nonspecific channels such as aquaammoniaporins. (f)

The number of fungal a.a. and NH4
þ transporters may be decreased at the plasma membrane in

symbiotic hyphae compared with those in extraradical hyphae. However, the fungus may also

regulate the supply of N to the plant by increasing or decreasing the number of transporters, and the

competition with the plant by N reuptake. (g) Sucrose is supposed to be carbohydrate released by

the plant into the interfacial apoplast. The mechanism is still unknown. Sucrose is then hydrolysed

into monosaccharides, either by plant-derived cell wall invertases, or nonenzymatic inversion due

to the acidity of the apoplast. (h) From the resulting glucose and fructose, the fungus preferentially

uses glucose. (i) Hexose phosphates are utilized for generation of energy/carbon skeletons or

storage and transport compounds (trehalose/mannitol or glycogen) (Deveau et al. 2008). (j)

Trehalose/mannitol are presumably used for long-distance carbohydrate transport towards ERM

hyphae. In basidiomycetes, transport is supposed to be enabled by dolipore-guarded cell–cell

connections. (k) The energy/carbon skeletons obtained from trehalose/mannitol in the ERM are,

among other uses, used in N uptake and assimilation, which will partly be channeled towards the
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and general a.a. permeases in P. involutus and A. muscaria (Chalot et al. 2002,

2006, Nehls et al. 1999).

Some fungal species have also been shown to be able to use peptides or protein

as N source, namely through production of proteinases (Zhu et al. 1994; Anderson

et al. 1999; Bendjia et al. 2006; Fig. 17.1). Recently, an urea transporter was

isolated in P. involutus (Morel et al. 2008), and peptide transporters have been

identified in H. cylindrosporum and shown to mediate dipeptide uptake (Bendjia

et al. 2006).

Mycorrhization was observed to enhance the use of a.a., peptides or protein by

the host plant (Blaudez et al. 2001; Finlay et al. 1992; Tibbett et al. 2000) or to

enable its use in plants that are unable to do so when nonmycorrhizal (Abuzinadah

and Read 1989). The uptake of 14C glutamate by ECM plants has been observed to

increase by up to eight times (Blaudez et al. 2001). In addition, expression and

activity of the enzyme L-amino acid oxidase, with a potential role in N mineraliza-

tion from a.a. at the ecosystem level, has been found in ECM fungi (Nuutinen and

Timonen 2008).

17.2.1 N Assimilation, Transport, and Transference to the Plant

Following its uptake by the fungus, NH4
þ is not accumulated as a free ion in the

mycelial tissue but quickly assimilated at considerable distances of the fungal

mantle. Several studies suggest a.a. as the main sink for the assimilated N, and

the N form that is transported inside the mycelium and to the mantle, where the

absorption by the root system takes place (Finlay et al. 1988; Ek et al. 1994;

Fig. 17.1).

N assimilation in ECM fungi, similarly to plants, can be made through the same

two main and alternative pathways: the NADP-glutamate-dehydrogenase (GDH, E.C.

1.4.1.4) and the glutamine synthetase (GS, E.C. 6.3.1.2)/glutamate synthase

(GOGAT, E.C. 1.4.1.13) pathways. Both can be present in ECM fungi, the relative

importance of each differing according to fungal species, the physiological state of

the mycelium, and the mycorrhizal partner (Martin and Botton 1993; Rudawska

et al. 1994). The uptake of both NH4
þ and a.a. has been reported to involve

GS/GOGAT, and this seems to be the main assimilation pathway similarly to

what happens in plants (Wright et al. 2005; Morel et al. 2006).

Fig. 17.1 (continued) plant partner. (l) Rhizodermal cells can compete with fungal hyphae for

glucose and/or can restrict fructose content in the common apoplast by hexose uptake. This

competition for hexoses has been proposed to increase if the fungus fails to supply the plant

with adequate amounts of nutrients, and therefore serve as a regulatory mechanism linking C

transfer to the fungus with the fungal N supply (Nehls 2008). Modified from Chalot et al. (2006)

and Nehls et al. (2010). ERM extraradical mycelium; IRM intraradical mycelium; Gln glutamine;

Arg arginine
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The main form of N transferred to the host plant is glutamine, followed by

glutamate, alanine, and aspartate-asparagine (Finlay et al. 1988, 1992; Blaudez

et al. 1998, 2001). The extension of the transference of other N compounds through

the mantle is not clear, but the direct transfer of NH4
þ, arginine derived, as

hypothesized for AM symbiosis has also been suggested for ECM (Chalot et al.

2006; Fig. 17.1). In support of this hypothesis, a NH4
þ importer of poplar and the

L. bicolor NH4
þ transporter LbAMT2.2 were found to be highly upregulated in

ECM roots and in symbiotic tissues, respectively (Couturier et al. 2007; Selle et al.

2005). The transfer of NH3 has also been suggested (Chalot et al. 2006).

Both organic and inorganic N transfer may coexist. It has been suggested that the

transfer of organic N may be larger in conditions of C sufficiency, when larger

incorporation of NH4
+ into C skeletons may be expected, and that transfer of N may

be increased under C deficiency (Chalot et al. 2006).

The physiological processes involved in the transfer of N from fungus to plant

within the symbiotic tissue are still poorly understood. N transporters from plant

and fungal partners have been isolated (Javelle et al. 2003a, b; Lucic et al. 2008),

but their role and regulation is still under investigation, as is their localization in

mycorrhizal tissues (M€uller et al. 2007; Fig. 17.1). On the other hand, little is

known about the metabolic zonation of N assimilation in ECM. The GS-GOGAT

cycle may take place entirely in the fungus, and the newly formed glutamine be

exported into the plant where it is converted into the remaining amino acids. It may,

however, also be separated, and GS could be active in the fungus and GOGAT in

the root, in which case there could be a glutamine–glutamate shuttle across the

interface (Martin and Botton 1993).

17.3 Carbon

ECM associations have a deep effect in plant C metabolism, generally increasing

the C allocation to the roots (e.g., Jones et al. 1991; Rygiewicz and Andersen 1994;

Wu et al. 2002), although this is not always the case (Jones et al. 1998). An

important percentage of this C is allocated to mycorrhizae and fungal mycelia,

indicating that the fungal partner is an important sink for the hosts’ carbohydrates

(Wu et al. 2002). Furthermore, mycorrhizae may impose a higher C cost on their

hosts under field conditions than under laboratory conditions (Rygiewicz and

Andersen 1994). Correspondingly, the expression of hexose importers from ECM

fungi was found to be enhanced in symbiotic tissues, indicating enhanced fungal

hexose uptake in symbiosis, and to be sugar-regulated, being activated by increased

in vivo concentration of monosacharides at the plant–fungus interface (reviewed by

Nehls 2008), while the expression of hexose transporters in spruce (Nehls et al.

2000) and birch (Wright et al. 2000) root cells was decreased in symbiosis.

As a result, mycorrhization can upregulate the host plant’s rate of net photo-

synthesis and sucrose synthesis (Dosskey et al. 1990; Colpaert et al. 1996;

Loewe et al. 2000). Mycorrhizal effects on photosynthesis are, however, very
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varied, and in some cases an explanation for them has not been found (Dosskey

et al. 1990).

17.3.1 C Transfer and Use by the Fungus

Sucrose is the main carbohydrate transported by the host plant, but ECM fungi are

unable to use it as C source. Its conversion into glucose and fructose seems to be a

precondition for its use by the fungus. Hexoses are the main carbon compounds

taken and used by ECM fungi, while the significance of other C sources is unclear

(Buscot et al. 2000; Nehls 2008; Fig. 17.1). ECM fungi are able to take up and use

both glucose and fructose, although they show a preference for glucose (Hampp

et al. 1995; Wiese et al. 2000). The hexose transporters from ECM fungi investi-

gated so far clearly favor glucose over fructose uptake (Nehls et al. 1998; Polidori

et al. 2007), and in A. muscaria evidence was found that the same hexose trans-

porters were responsible for carbohydrate uptake in symbiosis (Nehls et al. 1998).

Since so far ECM fungi have been found to have no sucrolytic capacity (Nehls

2008), it has been proposed that sucrolytic enzymes of the host plant are responsible

for sucrose hydrolysis. Plants possess two major types of sucrolytic enzymes:

invertases and sucrose synthase. Because in ECM the plasma membranes of the

plant and fungus do not come into direct contact, and exchanges take place across

the apoplast, the activity of cell wall-bound acid invertase has been hypothesized

to have a potentially major role in this (Nehls 2008), and therefore expected to

increase in M plants. In AM interactions, this has been observed repeatedly (e.g.,

Schaarschmidt et al. 2006), but not in ECM (Schaeffer et al. 1995; Wright et al.

2000; Corrêa et al. 2010). An alternative to a role of plant invertases could be that

nonenzymatic inversion of sucrose takes place, since ECM formation leads to

acidification of the already acidic apoplast (Martin and Selosse 2008).

The hexoses taken by the fungus are quickly converted to fungus-specific

compounds, therefore maintaining an hexose concentration gradient between

plant and fungal tissues, which is thought to maintain the sugar flow toward the

fungus (Fajardo-López et al. 2007; Fig. 17.1). Increased carbohydrate export to the

root and decreased levels of carbohydrates in ECM plants were observed, while

simultaneously the synthesis and contents of fungus-specific compounds such

trehalose and manitol, the two main carbohydrates accumulated in fungi, were

increased (Hampp et al. 1995; Martin et al. 1998; Fajardo-López et al. 2007;

Deveau et al. 2008; Corrêa et al. 2010). Trehalose biosynthesis was found to

occur mainly in hyphae of the plant–fungus interface (Fajardo-López et al. 2007;

Deveau et al. 2008; Fig. 17.1).

17.4 C–N Interactions

The supply of nutrients by the fungus to the plant is deeply connected to the supply

of C to the fungus. The assimilation of inorganic N into a.a. is an important sink for

carbohydrates in the fungal mycelium, and therefore dependent and closely
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regulated by the availability of C metabolites, which are ultimately supplied from

host carbohydrates (Martin et al. 1998; Wallenda and Kottke 1998; Fig. 17.1). On

the other hand, plant C metabolism is dependent on N uptake by the root, and the

fungal partner, and its allocation to the shoot. Just as the integration of the plant C

and N metabolisms involve extensive coregulation between the root and the shoot,

and any change in activity of one of them implicates an adjustment in the other

(Foyer and Noctor 2002), so must the integration of the exchanges of N and C

between mycorrhizal partners.

N availability and the plant N needs seem to determinate the amount of C

delivered to the fungus. Both the potential capacity of ECM fungi to colonize the

roots and the growth of extramatrical mycelium increase with decreasing N avail-

ability, indicating that the supply of C to the fungus is higher at low N supply and

plant productivity (Wallander and Nylund 1991, 1992; H€ogberg et al. 2003; Nilsson
and Wallander 2003; Treseder 2004; Hobbie 2006; Corrêa et al. 2008, 2010).

Because the degree of mycorrhizal colonization was observed to be strongly

negatively correlated with shoot N concentration (Wallander and Nylund 1991;

Corrêa et al. 2008), it has been proposed that the N status of the plant regulates the C

supply to the fungus (Nilsson and Wallander 2003).

Increased N supply causes a switch from gluconeogenesis, that is, sucrose and

starch formation, to glycolisis (Wallenda et al. 1996; Wingler et al. 1994), and the

decreased sucrose production has been observed to negatively affect C delivery to

the fungus, resulting in decreased fungal biomass (Wallenda et al. 1996). Further-

more, evidence has been found of a correlation between the transference of 14C

from the plant to the fungus and of 15N from the fungus to the plant at various N

availabilities (Kyt€oviita 2005).
A regulatory mechanism linking N supply to the plant with C transfer from the

plant to the fungus has been proposed which assumes that the transport of N into the

plant–fungus interface decreases the competition between the fungus and the plant

for apoplastic hexoses, and that if the fungus fails to supply the plant with adequate

amounts of nutrients, it will reduce the C supply to the fungus (Nehls 2008;

Fig. 17.1). This control of the carbohydrate efflux by the host plant in symbiosis

has been considered essential to avoid fungal parasitism (Nehls 2008). Several

reports, however, indicate that ECM plants allocate more C to the fungus as the

nutrient availability decreases, even if the amount of nutrients supplied by the

fungus also decreases (Ingestad et al. 1986; Treseder and Allen 2002; H€ogberg
et al. 2003; Hobbie 2006; Corrêa et al. 2008, 2010).

The effects of mycorrhization on C and N metabolisms are, however, not limited

to changes in demand and supply of N and C. A readjustment of metabolic path-

ways has been observed to occur in mycorrhizal roots, starting very early following

contact, as indicated by changes in free a.a. profile, and expression and activities of

N metabolism enzymes. Namely, molecular and biochemical evidences have been

obtained of a deactivation of the root metabolism, and an activation of the fungal

metabolism, in response to mycorrhizae formation (Schaeffer et al. 1996; Blaudez

et al. 1998; Johansson et al. 2004; Duplessis et al. 2005; Frettinger et al. 2007;

Herrmann and Buscot 2007; Corrêa et al. 2010). In some cases, these changes have

been considered a consequence of a metabolic shift, with some metabolic functions
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of the root being taken over by the fungus (Vézina et al. 1989; Johansson et al.

2004), namely N assimilation (Wingler et al. 1996). Those results have led to the

idea that ECM symbioses allow plants to slow-down regulative pathways and that

this may compensate the cost of photoassimilate transfer to the fungal partner.

However, recent evidence has been found that decreased metabolic activities in

mycorrhizal roots are not associated with decreased belowground C allocation

(Corrêa et al. 2010). In addition, these metabolic readjustments may not be perma-

nent but alternate between periods of plant metabolic deactivation/fungal activation

and plant activation/fungal deactivation in a cyclic pattern (Corrêa et al. 2010).

17.5 Cost/Benefit and the Symbiotic Continuum

Mycorrhizae are traditionally accepted as being mutualistic symbioses, therefore

resulting in a net beneficial outcome for both plant and fungal partners. However, in

an increasing number of reported cases mycorrhization was found to decrease plant

productivity (e.g., Dosskey et al. 1990; Colpaert et al. 1992, 1996; Eltrop and

Marschner 1996; Plassard et al. 2000). This has led some authors to question the

nature of the interaction, and to the growing belief that its effects on the host plant

can vary from the traditionally accepted mutualistic through to antagonistic in a

continuum of responses (Jonhson et al. 1997; Jones and Smith 2004). It has been

proposed that in any particular host–plant/fungus combination the response can

move along this continuum (Jonhson et al. 1997; Gange and Ayres 1999).

Central to this discussion is the evaluation of what are costs and benefits in

mycorrhizae, and the degree to which the benefits exchanged are by-products or

costly to the symbionts (Herre et al. 1999; Hoeksema and Schwartz 2002; Hoek-

sema and Kummel 2003; de Mazancourt et al. 2005). Mycorrhizae can have

multiple nonnutritional effects on the host plant that may determine increased

survival and fitness such as protection against root and shoot pathogens (e.g.,

Akema and Futai 2005), protection from toxic minerals (e.g., Hildebrandt et al.

2007; see Chaps. 14 and 18 in this volume), or resistance to drought (e.g., Bogeat-

Triboulot et al. 2004). However, it is generally considered that the main benefit to

the plant from mycorrhizae is an improved nutrition, while the cost is the C

expended in growth and maintenance of the fungus. The outcome of the relation-

ship is presumed to depend on the balance between the two, and negative effects of

mycorrhizal colonization are expected to occur when the net C costs for fungal

maintenance and growth exceed the net benefits obtained from improved nutrient

uptake (Jonhson et al. 1997; Tuomi et al. 2001; Jones and Smith 2004). The C and N

exchanges and balances in the association are, therefore, of central importance in

the evaluation of costs and benefits in ECM.

The balance between C cost and nutrient benefit is expected to be reflected in

plant productivity/growth, which can therefore be used as a benefit indicator. The

meaningfulness of growth as benefit indicator has been questioned, and the advan-

tages and disadvantages of this and other possible parameters have been previously
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reviewed (Jones and Smith 2004). Nonetheless, growth remains the parameter most

often used to evaluate the plant response to mycorrhization, and in models that

attempt to explain the variation in that response (Schwartz and Hoeksema 1998;

Gange and Ayres 1999; Tuomi et al. 2001; Neuhauser and Fargione 2004; Morgan

et al. 2005; Janos 2007).

The mycorrhizal response seems to vary according to the nutrient availability

(Schwartz and Hoeksema 1998; Tuomi et al. 2001; Neuhauser and Fargione 2004;

Janos 2007). Mycorrhizae have been found to improve N nutrition of the host plant

when N was in limited supply, but not when it was abundant (Dickson et al. 1999;

B€ucking and Heyser 2000). In contrast, evidence was also found of negative effects
of mycorrhization on N uptake and growth, which were more pronounced as N

became more limited (Corrêa et al. 2008, 2010). Another factor that may determine

the mycorrhizal response is the degree of mycorrhizal colonization (Gange and

Ayres 1999; Tuomi et al. 2001). Negative correlations have been found between

plant biomass and the extension of fungal development, the mass of the fungal

mycelium produced or the relative growth rate of the mycelium (Dosskey et al.

1990; Colpaert et al. 1992). These two factors are, however, not independent, since

decreased N availability leads to increased mycorrhization and extraradical fungal

growth (Ingestad et al. 1986; Treseder and Allen 2002; H€ogberg et al. 2003;

Nilsson andWallander 2003; Corrêa et al. 2008). Some models have been proposed

to explain the variation of mycorrhizal effects on plant productivity that considered

it to depend on the nutrient availability (Morgan et al. 2005; Janos 2007), the

balance between C cost and nutrient gain (Schwartz and Hoeksema 1998; Tuomi

et al. 2001; Neuhauser and Fargione 2004), and the degree of mycorrhization,

either alone or together with nutrient availability (Gange and Ayres 1999; Tuomi

et al. 2001).

Two main possibilities have been advanced as the cause of negative effects of

mycorrhizae on plant growth: (1) excessive fungal C drain and (2) nutrient retention

by the fungus. ECM fungi have a high potential to take up, accumulate, and

immobilize N (Colpaert et al. 1992, 1996; Wallenda and Kottke 1998; Plassard

et al. 2000). However, negative effects on plant growth have generally been

considered to be due to excessive C drain (Colpaert et al. 1992, 1996; Jonhson

et al. 1997; Plassard et al. 2000). Namely, increased rates of photosynthesis that

were not associated to increased growth relative to NM plants have been considered

evidence of this (Colpaert et al. 1996; Conjeaud et al. 1996).

On the other hand, differences in plant performance upon mycorrhization have

been proposed to be due to differences in cost efficiency, that is, nutrients acquired

per C expended. Because mycorrhizae are considered to be most beneficial in

conditions of nutrient deficiency, M plants have been proposed to be more cost

efficient, and grow better, under nutrient poor conditions, and NM plants at high

nutrient levels (Schwartz and Hoeksema 1998; Tuomi et al. 2001). However,

whether M roots or fungal hyphae can be more cost efficient than NM roots is

still a question. Cost efficiency has been calculated to be higher (Jones et al. 1991,

1998), equal (Tuomi et al. 2001) or lower (Jones et al. 1991) in M compared to NM

roots. Some authors have found the construction and maintenance costs lower for
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fungal hyphae and M roots than NM roots, and this has been considered the reason

for the greater cost efficiency of M plants (Jones and Smith 2004; Jones et al. 1998,

1991). However, others have found them higher (Colpaert et al. 1996). In addition,

some results suggest that M roots may be less cost efficient than NM roots as P

becomes more limited (Jones et al. 1991, 1998) and in conditions of N limitation

(Colpaert et al. 1996).

Furthermore, although a lower cost efficiency at high levels of N could explain

negative effects of mycorrhization in those conditions, it does not explain situations

of decreased growth when N is limiting, which have also been observed (Ingestad

et al. 1986; Colpaert et al. 1999; Hobbie 2006; Corrêa et al. 2008).

Recent results indicate that in N-limited conditions, the C cost of mycorrhizae,

and by extension their cost efficiency, may have no influence on the growth of M

plants, and that differences in growth are exclusively due to differences in N

uptake (Corrêa et al. 2008; Hobbie et al. 2008). This is in accordance with the

model of Tuomi et al. (2001), which predicts that under nutrient limitation,

mycorrhizae may be beneficial and have a selective advantage, even when they

are less cost efficient.

Under N-limiting conditions and testing a wide range of combinations between

N availability, N concentration in plant tissues, and degree of mycorrhizal coloni-

zation, which resulted in a gradient of mycorrhizal effects from negative to

positive plant growth responses, the mycorrhizal effects on plant growth and N

uptake were very strongly and positively correlated, and no evidence was found of

a C limitation to growth (Fig. 17.2a). This indicated that the negative effects of

mycorrhization over host plant productivity were due to N retention by the fungal

partner and not to excessive C drainage (Corrêa et al. 2008). This supports the

idea that, under low nutrient supply, because growth is more limited by nutrients

than by C, carbohydrates accumulate in plant organs, becoming more advanta-

geous for plants to allocate more photosynthetic C belowground, and to the

mutualistic partner, if by doing so they can acquire more of the nutrients they

need (Kiers and Van der Heijden 2006). Furthermore, under nutrient-limited

conditions, the accumulation of carbohydrates can lead to a downregulation of

genes and enzymes responsible for photosynthesis, and the investment in the

mycorrhizal symbiosis could even enhance the hosts’ photosynthetic capacity

(Kiers and Van der Heijden 2006). Under these conditions, the C supply to the

fungus will not result in decreased growth, and will therefore not constitute a cost.

This is in agreement with the suggestion that mycorrhizal associations are based on

the exchange of excess resources or by-product benefits (Brundrett 2002; Kiers and

Van der Heijden 2006).

Evidence was also found that the response of growth to mycorrhization varies

according to the balance between the nutritional needs of the plant and the nutrient

supply by the fungus (Corrêa et al. 2008). This balance was accessed by combining

the mycorrhizal colonization (Myc: mg P. tinctorius DW/mg root DW) and the N

availability (N relative adition rate; Ingestad et al. 1986) in a single parameter, the

Mycorrhizal N Demand-Supply Balance (MDSN; Fig. 17.2b). The variation in
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growth response had a curvilinear behavior, being negative at high and low values

of MDSN. Curvilinear correlations between degree of mycorrhizal colonization

and host plant growth had been previously observed in AM mycorrhizal plants

(Clapperton and Reid 1992) and predicted in several models, although the shape of

the predicted curve has varied (Gange and Ayres 1999; Janos 2007). This is

particularly important since it reveals that an evaluation of the mycorrhizal benefit

or detriment cannot be based on only one, or a limited amount, of data points,

but that M and NM plants should be compared over gradients of the conditions that

are being tested.
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Fig. 17.2 (a) Correlations

between the mycorrhizal

profits on N uptake (RNm/

RNNM) and on growth

(RGRm/RGRNM). The

mycorrhizal profit, or the net

increase in total value

generated by investing in

mycorrhizae instead of in

nonmycorrhizal roots, was

calculated as the ratio

between the parameter for an

individual mycorrhizal plant

and the mean value for non

mycorrhizal plants grown in

the same experimental

conditions (r ¼ 0.58, n ¼ 67,

p < 0.001). (b) Correlations

between RGRm/RGRNM and

the mycorrhizal demand

supply balance (MDSN).

MDSN was calculated as the

ratio between the average

level of mycorrhizal

colonization (Myc;

P. tinctorius mg DW root mg

DW�1) and the nitrogen

relative addition rate (RARN;

Ingestad and Lund, 1979) for

the considered period. The

plants were fed either 1.9

(open circles) or 3.8 mM

NH4
þ (closed circles) as N

source. The line dividing the
graphic area makes the

division between negative

(below 1) and positive

(above 1) mycorrhizal growth

profit. (Source: From Corrêa

et al. (2008), with permission

from the authors)
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17.6 Conclusions

Over the last years, new knowledge has been gained on C and N metabolisms and

exchanges in ECM, mostly with the use of molecular tools. However, they remain

mostly unknown to us. Pieces of the puzzle are slowly being discovered, but we are

still far from fitting them into an integrative view of the system and its regulation.

Away from the molecular approach, knowledge has also been gathering on how the

C and N balances reflect on mycorrhizal cost:benefit, which will have important

implications on our understanding of the regulation of exchanges. The time has

come in which we need to start integrating the different approaches and results if we

are to understand the function, nature, and evolution of the symbiosis.
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Corrêa A, Strasser RJ, Martins-Loução MA (2008) Response of plants to ectomycorrhizae in

N-limited conditions: which factors determine its variation? Mycorrhiza 18:413–427
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Chapter 18

Ectomycorrhizal Interaction Between

Cantharellus and Dendrocalamus

Rohit Sharma and Ram C. Rajak

18.1 Introduction

Studies on ectomycorrhizal mushroom diversity help in conservation of fungal and

plant species, indigenous forests, and sustainable use of fungi as nontimber forest

product. Considerable attention has been given to arbuscular mycorrhiza (AM)

fungal research but knowledge on ectomycorrhizal mushroom is rare. Moreover, it

has been studied scarcely in India. Sporadically, however researchers in India have

conducted forays to study ectomycorrhizal fungi, accumulated knowledge and

published.

Apart from two recognized hot spots viz., north eastern Himalayans andWestern

Ghats, India is bestowed with several regions rich in fungal biodiversity. From year

2004 to 2008, mycological studies undertaken to collect mushrooms from Central

Indian dense forests of Madhya Pradesh and Chhattisgarh (under research project

sponsored by Department of Biotechnology, New Delhi, Government of India) has

been rewarding for authors, which yielded a large number of fleshy fungi found

to be ectomycorrhizal with various tree species (Sharma 2008; Sharma et al. 2008a,

2009a, b, c, 2010a, b, c). Several investigators have also conducted studies on

diversity of ectomycorrhizae (Lakhanpal 1996; Natarajan and Ravindran 2003a, b;

Pande et al. 2004; Valentine et al. 2004; Kranabetter et al. 2005; Natarajan et al.

2005a, b; Riviere et al. 2007). About 61 ectomycorrhizal mushrooms were collected
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(Sharma et al. 2009c) including Russula, Lactarius, Scleroderma, Pisolithus,
Geaster, Boletus, Cantharellus and Astreaus. Cantharellus tropicalis (Fig. 18.1)

is a popular edible and medicinal mushroom sold in the local market of Balaghat

district, Madhya Pradesh, India. It is a high temperature species, which appears in

late rainy season during August and September. It has been recommended as energy

booster for pregnant women. C. tropicalis forms ectomycorrhiza (ECM) with

Dendrocalamus strictus (bamboo) and consistently found associated with bamboo

forest of Madhya Pradesh (Sharma 2008; Sharma et al. 2009c). The fruiting bodies

are harvested in large amount from Balaghat, Lamta, Nainpur, and Baihar of

Madhya Pradesh, India and nearby regions and often been taken to adjoining

districts in large quantities. It is leathery in texture, with good taste and greater

shelf-life. The seasonal collection may go up to 50 tons per year (based on personal

observation). The number of described Cantharellus species worldwide exceeds 70
(Danell 1999). Other taxonomically related species viz. Cantharellus minor, C.
cibarius, C. cinereus, C. friesii, C. lutescens, C. melanoxeros, C. tubaeformis, and C.
xanthopus are commonly called chanterelle mushrooms known world over for

edibility.

This chapter highlights various aspects of ectomycorrhizal association between

Cantharellus (isolated from fresh mushroom body using stipe tissue which is

aseptically transferred to ectomycorrhizal media) and bamboo species. It focusses

on simple technique for synthesis of ECM, in vitro ectomycorrhization with

Dendrocalamus seedlings, mass production of inoculum with low-cost substrate,

enzymatic studies on the acid phosphatase which forms an important criteria for

good ectomycorrhizal fungus and interaction studies with other microfungi isolated

from rhizosphere of bamboo and its potential to increase growth of seedlings

growing under green house conditions.

Fig. 18.1 Cantharellus tropicalis basidiomata in natural forest

Source: Adapted from Sharma et al. 2010b
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18.2 Ectomycorrhiza Formation and Growth Response

on Host Plant

18.2.1 Growth in Culture

Cantharellus is relatively easy to isolate as compared to other mushrooms viz.,

C. cibarius wherein Pseudomonas lives in association (Danell 1994). To isolate,

fruit body of a freshly collected mushroom is taken up for isolation. It is free from

any insect or disease infestation.Usually young basidiomata is used for the same. Stipe

of a clean basidiomata is broken vertically and a small tissue piece is aseptically

transferred into Petri dish containingMelin–Norkrans AgarMedium (MNM) with the

help of a sterile forcep (Sharma et al. 2009b).Widemouth vials of 50ml capacity filled

with moistened used tea-leaves (pre-sterilized) were also used. It prevents bacterial

contamination as mushroom mycelia colonizes the cellulose, lignin rich substrate

faster (Sharma 2008). We also observed that acidic pH is more suitable to

C. tropicalis. When grown in liquid media C. tropicalis tends to bring final pH to

acidic (Sharma unpublished). It grew faster when the medium (agar and liquid media)

was supplemented with 0.2-0.5% malt extract. The mycelia of C. tropicalis is white
and grow sticking to medium surface. However, at later stage some portion of it turns

brown which may be due to aging (and should not be confused with contamination)

(Fig. 18.2). The mycelia also forms clamp connections in artificial medium

(Fig. 18.3). A detail study on physical and physiological factors affecting growth

of C. tropicalis has already been conducted (Sharma et al. unpublished).

18.2.2 Simplified Technique of Ectomycorrhizal Synthesis

There is a need to enhance our knowledge on interactions within fungal community

and explore potential of ectomycorrhizospheric environment for biotechnological

Fig. 18.2 Culture of C. tropicalis on modified FDA medium after 15 days

18 Ectomycorrhizal Interaction Between Cantharellus and Dendrocalamus 407



purpose (Cairney andMeharg 2002;Whipps 2004; Cairney 2005). For this we need to

study the process of mycorrhization in controlled environment under laboratory

conditions. Before carrying out small- scale field experiments it is important to select

a technique which can suit Cantharellus mycelia for symbiotic association with host

plant seedlings. It is essential for development of an effective mycorrhizal symbiosis

towards exploitation of this symbiosis. Several devices have been developed for

in vitro ECM synthesis for performing physiological, biochemical, and structural

experiments using various ectomycorrhizal mushrooms (Danell 1994; Cairney and

Chambers 1999; Vaario et al. 1999, 2000; Yamada et al. 2001a; Danell 2002;

Theodorou and Reddell 2006). But most of the equipments were found bulky and

did not allow investigation of large number of experimental units at the same time.

Many aseptic methods involved large tubes and Petri dishes (Duddridge 1986) to

maintain aseptic conditions for whole seedling (Chilvers et al. 1986) or for only

roots (Duddridge 1986). Although there are numerous work on synthesis of pine

ectomycorrhiza (Marx et al. 1982), less work has been done with angiosperm and

none with monocots. Also techniques of synthesizing pine mycorrhiza are difficult

to apply to angiosperms such as eucalypts, bamboo, sal, dipterocarps, etc. A filter

paper-flask technique was developed by us, which was not bulky and requires

limited space, forms rapid ECM, and yet permits observation of ectomycorrhiza

formation (Sharma et al. 2009b). This technique enables bamboo shoots to grow

well and roots to make contact with Cantharellus mycelium in a short time. Root

and shoot parts extended within flask and formed typical ectomycorrhiza

(Fig. 18.4). It keeps root and shoots system under aseptic conditions. Externally,

ECM lacks root hairs and forms light-brown mantle with woven hyphae.

The filter paper-flask method permits observation of developing external myce-

lium before and after ectomycorrhizal formation. Fortin et al. (1980) suggested that

exudation of substances stimulating the growth of Pisolithus tinctorius and

Fig. 18.3 Clamp connection of C. tropicalis mycelia in culture (100x)
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Cenococcum graniforme which should also be investigated for this association in

future studies. However, this technique has some features common with others

including culture technique that used a Petri dish lined with paper (Chilvers et al.

1986); a plastic pouch technique (Fortin et al. 1980) uses paper to support and nourish

roots; and a cellulose thimble technique (Littke et al. 1980) uses paper to help fungal

growth and transmission. Moreover, Vaario et al. (2000) described a simple in vitro
system for synthesis of Abies firma–Cenococcum geophilum ectomycorrhiza. This

technique developed by us (Sharma et al. 2009b) is not only useful for the production

of sufficient mycorrhizal seedlings for biochemical and physiological studies but can

produce mycorrhizal material for practical forestry applications. Moreover, this

technique permitted accurate evaluation of the colonization process of C. tropicalis.
The host plant–fungus association will help in studies on development of its fruit

bodies, physiological studies and other in vitro studies viz., effects of different organic
sources of carbon and nitrogen on ectomycorrhizal formation capability of Canthar-
ellus.

18.2.3 Ectomycorrhizal Interaction

In most instances, a fungus is considered ECM forming based on field observation.

Consistent association of basidiomata with one or more tree species forms the basis

of ECM forming fungi as an indirect method of ECM assessment. However, not all

ectomycorrhizal fungi found associated with adult trees in field form mycorrhizae

with young seedlings (Last et al. 1992). Pure culture synthesis technique has been
modified by several workers for different mushroom species. Few edible ectomy-

corrhizal mushrooms have been successfully cultivated under controlled condi-

tions. Numerous studies on ECM formation between host plant seedlings and

mushroom mycelia has been conducted and widely reviewed (Nezzar-Hocine

et al. 1998; Vaario et al. 1999, 2000; Yamada et al. 1999, 2001b; Dahlstrom et al.

2000; Guerin-Laguette et al. 2000a, b). On the other hand, Lyophillum shimeji
(Kawam) Hongo., C. cibarius Fr., and Tuber melanosporum Vitt. sporocarps have

been produced under laboratory, green house, and field conditions, respectively

(Danell and Camacho 1997). Tricholoma and Lactarius have been also successfully
cultivated in laboratory conditions. Thus, establishment of artificial cultivation

system for C. tropicalis and understanding its ectomycorrhizal interaction may

form the basis for reforestation program mushroom cultivation.

The mushroom mycelia used for the study was isolated by excising tissue blocks

from basidiomata stipe on MNMmedium (Straatsma and van Griensven 1986). The

test tube or flask system used in this experiment contained a sterilized mixture of

sand þ used tea leaves (50% v:v) moistened with sterile distilled water. It was

cooled to room temperature and inoculated with C. tropicalis culture (Sharma et al.

unpublished). The seedlings (produced by germinating seeds on Petri dishes) were

inserted in growth system with C. tropicalis mycelia plug. Fungal colonization

of bamboo roots was observed to confirm presence of intercellular Hartig Net
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confirming the symbiotic association (Harley and Smith 1983). After few weeks of

incubation, seedlings of D. strictus showed yellow-white mycelium in substrate.

A mycorrhiza-like relation was observed from root morphology between roots

of D. strictus and C. tropicalis and is a maiden example illustrating association

between ectomycorrhizal fungus and a monocot plant. Mycorrhizal synthesis with

other mushroom species and various host plants has also been achieved and

reported (Molina and Trappe 1982; Yamada and Katsuya 1995; Dahlstrom

et al. 2000). In a study, Theodorou and Reddell (2006) studied 11 species of

mycorrhizal fungi from stands of Eucalyptus spp., Allocasuarina spp., or Pinus
radiata D. Don and tested for their abilities to initiate ECM with Allocasuarina
littoralis (Salisb.) L. Johnson, Casuarina equisetifolia L., and C. cunninghamiana
Miq. in aseptic system. Moreover, Vaario et al. (1999) first reported in vitro
mycorrhizal formation of Abies firma Sieb, et Zucc. with P. tinctorius (Pers.)

Coker and Couch and improved the technique of ectomycorrhization of A. firma a

slow-growing species and P. tinctorius using a novel culture medium with both

sterilized and rerooted seedlings. Although in vitro mycorrhizal synthesis is

difficult in the genus Cantharellus. In this experiment we tried to form in vitro
ECM using low-cost substrate. Pinus densiflora formed ECM with 21 fungal

species, including two species of Russula, which were also found difficult to

manipulate in vitro (Yamada and Katsuya 1995). A mycorrhizal study indicated

that Morchella formed mycorrhiza-like interaction with four tree species of

Pinaceae (Dahlstrom et al. 2000).

Although different media are known to stimulate mycorrhization process, they

have also detected to affect hyphal branching and several plant- microbe inter-

actions. Extensive data are available concerning the effect of media or substrate

on the process. In our study, the formation of ECM was also influenced by solid/

liquid inoculum and environmental factors. Receptiveness was greatly influenced

by the physical, chemical, and biological characteristics of substrate as confirmed

by used tea leaves þ sand as substrate. During the experiment, certain seedlings

showed mortality (personal observation), which might be due to unsuitable

conditions. Such results have been reported for C. cibarius in vitro synthesis,

where CO2 content, exogenous glucose content, water drainage, and host

specificity have been discussed for such observations (Danell 1994). Most seed-

lings (including control) grew well throughout incubation and ectomycorrhizal

seedlings showed similar or slightly better growth as compared to control plants

(Sharma et al. unpublished).

Some fungi that form mycorrhizae in pure culture fail to form it in greenhouse or

natural soil conditions (Molina and Trappe 1982; Duddridge 1986; Molina et al.

1997) Mycorrhizal succession (contamination) to another symbiont is problematic

in cultivation of mycorrhizal mushrooms. Protection of inoculated fungus from

competitive air borne mycorrhizal fungi in green house conditions is significant for

their acclimatization. In present study, hairless or bifurcated root tips frequently

exhibited mantle or hyphal penetration between the cortical cells. Soon after inocu-

lation with pure cultures of Indian chanterelle, fungal, and/or bacterial contamination,

or both appeared within some synthesis units. Insufficient surface sterilization
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period for seeds might be the cause. During our study, some contaminants appeared

on seed cotyledon which affected mycorrhizae formation between chanterelle

and seedlings and made system ineligible for further studies (personal observation).

18.2.4 Mass Multiplication of Inoculum

During plantation in forest areas/disturbed sites, it is observed that mycorrhizal

fungi should accompany them for better survival in new microcosm in which they

are introduced. Seedlings inoculated with effective mycorrhizal fungi in nursery

can establish a healthy ECM system before outplanting into forests or mine sites.

Inoculation of P. tinctorius significantly increased growth and survival of five

southern pine species planted at different sites (Marx et al. 1982). Moreover,

these can be stored at low temperature without damage (Lapeyrie and Bruchet

2006). During the study for large scale production the inoculum of C. tropicalis
produced was kept at room temperature and when inoculated formed ECM with

nursery seedlings of bamboo (Sharma et al. 2010a). The tea leaves based substrate

conserved moisture which helped the fungus to grow actively (personal observa-

tion). Previously several types of natural or laboratory-produced inocula (seedlings

with ectomycorrhiza or excised ectomycorrhiza, spores, crushed basidiomata) and

various methods of application have proved successful through the years (Marx

1980). T. melanosporum has been established in nursery beds with ECM formed

under laboratory conditions. Lamb and Richards (1974) demonstrated the use of

basidiospores of Rhizopogon, Scleroderma and Pisolithus as inoculum. Basidio-

spore inoculum of P. tinctorius and Rhizopogon successfully forms ECM in pine

seedlings (Molina and Trappe 1982; Bruns et al. 2009). However, Trappe (1977)

had recommended pure mycelial or vegetative inoculum of ECM fungi for forest

inoculation.

Pure culture inoculum of ectomycorrhizal fungi poses many difficulties for

wide-scale application thus restricting it to laboratory or green house experiments.

However, nursery beds of Pinus cembra have been successfully inoculated with

pure cultures of Suillus plorans. Theodorou (1971) and Theodorou and Bowen

(1973) inoculated P. radiata with isolates of Rhizopogon luteolus, Suillus granu-
latus, S. luteolus, and Cenococcum geophilum. Danell (1994) used peat/quartz sand
mixture (25%/75% v/v) and 20 ml ingested solution for outplanting in vitro-formed

Cantharellus mycorrhizae. Moreover, with four decades of mycorrhizal research,

peat moss, and vermiculite remain major substrate for inoculum preparation

(Garbaye et al. 1988; Nezzar-Hocine et al. 1998; Yamada et al. 2001a). Lapeyrie

and Bruchet (2006) have used liquid fermentation in airlift bioreactor to produce

inoculum of Pisolithus microcarpus.
Synthesis of Cantharellus ECM with Dendrocalamus has been achieved with

in vitro germinated seedlings in laboratory (Sharma et al. 2009b; Sharma et al.

unpublished) and green house (Sharma et al. 2008b). Moreover, mycelia of
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Cantharellus forms mycorrhiza with laboratory grown seedlings and exhibited

positive effect on growth of Dendrocalamus seedlings (Sharma et al. 2008b;

Sharma et al. 2009b; Sharma et al. unpublished). Mass production of C. tropicalis
inoculum is essential for field application of D. strictus. A ratio of 1:1 used tea

leaves and sand moistened with a volume of sterile distilled water equal to approxi-

mately half the volume of dry substrate proved best (Sharma et al. 2010a). The

mycelia grew very fast through the substrate producing good fungal inoculums

(Fig. 18.5). Used tea leaves have previously been successfully used by Sharma et al.

(2003) for pure culturing of Pleurotus species in tubes, which reduced bacterial

contamination and other noncellulolytic fungus.

According to Kumar and Satyanarayana (2002), selection of mycorrhizal fungi

and performance of seedlings is dependent upon plantation site and plant species.

Ectomycorrhizal fungi are suitable inoculants for various trees (Table 18.1). A good

substrate allows penetration of mycelia, retains moisture, and low in production

cost also. Moreover, it allows smooth ECM formation by the fungus in host

seedlings. Moser (1958) produced ectomycorrhizal inoculum for inoculating P.
cembra with S. plorans (Rolland) Sing and also used pure culture of Suillus
placidus (Bon.) Sing., S. grevillei (Klotzsch) Sing., S. aeruginascens (Secr.)

Snell., Paxillus involutus, Phlegmacium glaucopus, Amanita muscaria, and Lactar-
ius porninsis Rolland. Takacs (1961) inoculated sterilized germinated grains of

cereals, cereal chaff, or peat moss to produce inoculum of A. verna (Bull. ex Fr.)

Lamarck, S. granulatus, S. lutea, Hebeloma crustuliniforme, Russula sp., Sclero-
derma verrucosum (Bull.) Pers., and S. vulgare. Park (1984) also grew mycelial

cultures of S. granulatus and C. geophilum in cereal grains. Several attempts to

produce effective inoculum of these fungi in wheat grains resulted in failure (Marx

1980). Vermiculite and peat moss moistened with modified MNM medium was

found to be an excellent substrate by Marx and Bryan (1975). A successful

commercial formulation of P. tinctorius mycelia has been developed by USDA,

Fig. 18.5 Cantharellus inoculum produced on sterilized waste tealeaves þ sand

Source: Adapted from Sharma et al. 2010a
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Forest Service, and Abbott Laboratories (Marx et al. 1982). This inoculum trade-

marked as MycoRhiz®, is also grown in vermiculite–peat moss nutrient medium.

Pure cultures of fungi viz., S. granulatus, R. luteolus, Thelephora terrestris (Ehrh.)
Fr., and P. tinctorius improved survival and growth of seedlings (Marx 1980; Marx

et al. 1982).

During course of our studies, it was observed that mycelia of C. tropicalis
completely covered the substrate rich in cellulose and lignin within short incuba-

tion period. Sand helps in breaking the inoculum into pieces during application.

Good ECM formation can be attributed to better mixing of inoculum to soil with

sand allowing good aeration. However, Molina and Trappe (1982) have stressed on

the difficulty of transporting, spreading, and mixing of vermiculite inoculum as it

becomes heavy due to water saturation. Sandþ used tea leaves inoculum was found

promising as Cantharellus colonized entire root system and substrate. Moreover,

high quality tree seedlings cannot be produced unless conventional nursery is

substituted by modern forest nursery production techniques (Lamhamedi et al.

2009). This is possible when there is increase in technology transfer from research-

ers to nursery personnel.

18.2.5 Growth Response of Host Seedlings

Ectomycorrhizal mushrooms help in survival and growth of host seedlings. This

association increases plant ability for nutrient and water uptake (Whipps 2001).

Table 18.1 Commercial availability of vegetative mycelial inoculum of ectomycorrhizal fungi

Process Inoculum form Species (strain) Commercial source

Solid substrate

fermentation

Vermiculite

(MycoRhizR)

Pisolithus tinctorius Abbott Laboratories, USA

Vermiculite Hebeloma
crustuliniforme

Somycel and INRA,

France

Laccaria laccata
Paxillus involutus

Vermiculite Laccaria laccata Sylvanspawn, Worthigton,

PAPaxillus involutus
Vermiculite Pisolithus tinctorius Mycorr Tech Inc.,

Pittsberg, PA

Submerged

fermentation

Alginate Hebeloma
crustuliniforme

Biotal Ltd., Cordiff, UK

Laccaria laccata
Paxillus involutus
Thelephora terrestris

Alginate Hebeloma
crustuliniforme

Rhone-Poulec and INRA,

France

Alginate

(MycobeadR)

11 ECM strains Biosynthetica Pvt. Ltd.,

Australia

Source: Kumar and Satyanarayana (2002)
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It has been successfully demonstrated through various experiments that Pisolithus
and Rhizopogon increased growth of host seedlings (Cairney and Chambers 1999).

Apart from these, several other ectomycorrhizal mushrooms viz., Tuber, Lactarius,
Laccaria, Scleroderma, Canharellus, Paxillus., Hebeloma, and Tricholoma have

been reported experimentally to enhance growth of host seedlings. During our

studies in green house condition it was observed that although C. tropicalis formed

ECM with Dendrocalamus strictus, D. asper and Bambusa nutans seedlings they
were not stable, whereas fungus failed to form ECM with B. vulgaris. Further,
Sharma et al. (2008b) reported that uninoculated seedlings conditioned to cyclic

drought were smaller than mycelia inoculated seedlings. Natarajan et al. (1995)

while studying ECM with Acacia nilotica found that Laccaria fraternal and

P. tinctorius improved its growth. Chen et al. (2006) reported that in South China

inoculation of Scleroderma spores increased the growth of eucalypt plants. Similar

results have been reported by Khosla and Reddy (2008) with Pisolithus albus and
Eucalyptus tereticornis. Pande et al. (2007) reported that oak and pine seedlings

when inoculated with ectomycorrhizal fungi showed more growth. Since Canthar-
ellus is comparatively easily isolated in pure culture and have moderate growth rate,

they are relatively good for inoculation purpose. Current interest by researchers in

production of ectomycorrhizal inoculum in forestry programs focusses on selection

of potential strain for this purpose and also test inoculum effectiveness before field

inoculations. The mushroom mycelia forms numerous rhizomorphs in soil which

are essential for nutrient uptake and also help in stress tolerance during drought and

hence increase seedling growth.

18.3 Ecological Studies

18.3.1 General Ecology

C. tropicalis has been reported from older natural forests and plantations but has not

been reported from nurseries. However, during past several years their has been

overharvesting of Cantharellus from the bamboo forests of Madhya Pradesh

(Sharma unpublished). The observations are based on the sites visited by the author

during 2004–2008. This may lead to decrease in productivity of Cantharellus in the
region. The need for restricted harvesting and technique for harvesting has been

emphasized as the tribals and villagers lack the knowledge of sustainable harvest-

ing. It disturbs the below ground mycelia of mushroom and affects successive

sporocarp formation. Danell (1999) has highlighted that whatever estimates we

make is based on the above ground basidiomata and decrease in below ground

mycelia and ECM should also be emphasized.

The basidiomata are observed in the late rainy season when their is high temp-

erature and humidity. During laboratory experiments also it required high humi-

dity i.e. above 80% for sporocarp formation in controlled environment chamber
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(Sharma et al. unpublished). In another study optimum growth pH of C. tropicalis
was acidic which can be correlated to low soil pH value which may be due to

secretion of metabolites due to litter degradation. Although their is lack of informa-

tion on ecology of C. tropicalis in Central India, increased interests among

researchers will trigger more work on it.

18.3.2 Antagonistic Interactions with Rhizosphere Fungi

The mycobiota of forest soils consist of AM fungi, ECM and saprotrophic decom-

poser fungi which supply nutrients to trees and decomposite woody plant litter.

Saprotrophic basidiomycetes are also abundant in bamboo forests. Ectomycorrhizal

fungal mycelia (found in forest soils associated with host trees) with its special

physiology can use either inorganic nutrients or utilize organic sources. ECM fungi

provide an increased surface area for absorption of nutrients and interactions with

other microorganisms (Smith and Read 1997). These interactions may be inhibi-

tory, stimulatory, competitive, mutualistic and is important in biogeochemical

cycling in ecosystems of forests. According to Leake and Johnson (2004), sapro-

trophs obtain most of their C from decaying organic matter while ectomycorrhizal

fungi obtain it from their host plants. Antagonistic interactions between rhizosphere

microorganisms and mycorrhizal fungi have significant function on mycorrhizal

systems (Stark and Kyt€oviita 2005). Moreover, exudation and reabsorption of fluid

droplets at ECM hyphal tips influence vicinity environment (Sun et al. 1999).

The interactions of plants with soil microorganisms, both pathogens (nematodes

and fungi) and mutualists (nitrogen-fixing bacteria) are also influenced by mycorrhi-

zal fungi. Pathogenic fungi invade roots and mycorrhizal fungi and can alter host

response to these pathogens. Fitter and Garbaye (1994) observed that Laccaria
bicolor prevented spread of Fusarium oxysporum in Douglas–fir roots as a result of

flavonoids wall infusion. Wu et al. (2003) explored interactions between sapro-

trophic microbes and ECM fungi using a protein–tannin complex as N source by

red pine (Pinus resinosa). In a similar study, Olsson (1999) showed the role of fatty

acids for determination of distribution and interactions of mycorrhizal fungi in soil.

Protection of root system from endemic pathogens (such as Fusarium spp.) causing

root infection has been due to reduced phosphorus uptake. There is direct evidence

that mycorrhizal fungi may reduce the incidence and severity of root diseases

(Whipps 2004). In past role of ectomycorrhizal fungi in controlling plant diseases

has been realized. Moreover, tree seedlings has been infected by several pathogens

and hence these interactions can be exploited to restrict them (Finlay 2004).

Soil mycoflora was recovered from rhizosphere soil samples of D. strictus
collected from three sites of bamboo forests in Balaghat, Mandla, and Shahdol,

Madhya Pradesh, India. Pairwise combinations were made by plating mycelial

plugs of ECM and soil microfungi on opposite corners of Petri dish. Radial growth

toward other mycelium was determined by measuring colony radius. The cross

inoculation method (Figs. 18.6 and 18.7) showed that C. tropicalis was active
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against rhizosphere soil microorganism (Sharma et al. 2010c). This resulted in

different types of interactions between fungi, but also in differences in the degree

of interactions. Overgrowth was the most common (45%) interaction, followed by

inhibition at a distance (29%), intermingling (17%), and contact inhibition (13%)

(Sharma et al. 2010c).

The inhibition of soil microfungi, mostly at a distance by C. tropicalis suggested
that it prevented invasion by potential competitors (Sharma et al. 2010c). The

inhibition of soil microfungi by C. tropicalis might be caused by production of

secondary metabolites. In some instances, antibiotics produced by ectomycorrhizal

fungi Amanita, Boletus, and Cenococcum spp. have been reported (Santoro and

Casida 1962). There are reports of in vitro inhibition of pathogenic fungi by several

Fig. 18.6 Dual culture interaction between C. tropicalis and Aspergillus niger
Source: Sharma et al. 2010c

Fig. 18.7 Dual culture interaction between C. tropicalis and Alternaria sp.

Source: Sharma et al. 2010c
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ectomycorrhizal mushroom mycelia. Shaw et al. (1995) reported growth suppres-

sion of R. roseolus by several saprotrophic basidiomycetes. Furthermore growth of

S. granulatus (L.:Fr.) Rouss, has been shown to be inhibited by rhizoplane fungi of

Pinus halepensis (Girlanda et al. 1995). Baar and Stanton (2000) attributed low

investment of N in mycelial biomass for reduced competition of some ECM fungi.

Hardly any sporocarps of saprotrophic basidiomycetes found to occur in bamboo

forest but species of Ramaria, Clavaria, and Clitocybe have been collected from

bamboo forests and can be studied for their competitiveness with chanterelle. In a

study, Clitocybe marginella Harmaja inhibited the growth of C. geophilum and

L. bicolor (Baar and Stanton 2000). Leake et al. (2001) observed limited effect of

mycorrhiza on growth of saprotroph. In our studies, ectomycorrhizal fungi sup-

pressed soil microfungi indicating that Cantharellus mycelia has higher competi-

tiveness than soil microfungi, which may be due to alkaloids, terpenes,

polysaccharides produced by Cantharellus mycelia. Low competitiveness of

some microfungi viz., Curvularia, Alternaria, Mucor, Fusarium, and Penicillium,
etc. suggest that they were unable to compete with Cantharellus in the acidified

soil.

Ectomycorrhizal fungi show inhibitory effects on root pathogenic fungi but as

Johansson et al. (2004) puts in, their interactions with saprophytic fungi have

received little attention. In another study, Tricholoma sp., P. involutus, Hebeloma
cylindrosporum, and L. bicolor demonstrated inhibition of a range of pathogens

in vitro (Morin et al. 1999). When grown in coculture Werner and Zadworny (2003)

observed suppression of Mucor hiemalis by L. laccata and inhibition of growth of

Trichoderma virens in coculture (Werner et al. 2002). Antifungal and antibacterial

action of ECM fungi Pisolithus and Scleroderma was tested in vitro against eight

fungi and six bacteria. Both showed higher activity against all fungi except some

Aspergillus spp. (Vaidya et al. 2005). Significant progress has been made toward

understanding of interaction (Zak 1971; Stark and Kytöviita 2005; Sampangira-

maiah and Perrin 1990; Natarajan and Govindasamy 1990) but more extensive

research is required to enhance our knowledge on interactions within fungal

community and exploring potential for manipulating ectomycorrhizosphere envi-

ronment for biotechnological purposes (Bruns and Bidartondo 2002; Cairney and

Meharg 2002). The intensity of interactions between different soil fungi and ECM

fungus C. tropicalis highlights the potential importance of interactions on function-

ing of these organisms in forest ecosystems.

18.3.3 Acid Phosphatase Production

Growth enhancements of host plant associated with ectomycorrhizal fungi has been

correlated with increased nutrient uptake by ectomycorrhiza. They solubilize insol-

uble forms of nutrients and have a significant role in carbon, nitrogen, and phos-

phorus cycling in forested ecosystems (Cullings et al. 2008). Activities of

phosphatase, laccase, glucuronidase, cellobiohydrolase, N-acetyl-glucosamine,
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leucine aminopeptidase, xylosidase, and b- glucosidase were found responsible for

increased nutrient uptake (Courty et al. 2007; Mosca et al. 2007), an advantage for

enhancing nutrient acquisition (Cameron et al. 2006). There are several reports of

acid phosphatase activity of Amanita, Hebeloma, Tricholoma, etc. (Alvarez et al.

2005; Buée et al. 2005, 2007; Courty et al. 2005) which help in selecting effective

mycorrhizal symbiont for inoculation in reforestation. According to Antibus et al.

(1986) external factors affect production and activity of acid and alkaline phospha-

tase and hence efficiency of ectomycorrhizal fungi but inadequate data is known on

enzyme activities (Courty et al. 2005).

C. tropicalis was found to use a broad range of phosphorus sources during

in vitro studies conducted by Sharma (2008). When it was grown in defined

media, it releases phosphatase (probably acid phosphatase) as media has acidic

pH. Activity of acid phosphatase in ectomycorrhizal fungus C. tropicalis under

controlled conditions has been studied by Baghel et al. (2009). The pH had strong

effect on production of wall-bound acid phosphatase and maximumwas observed at

pH 5 followed by 7 (Sharma et al. 2010d). Culture pH strongly influences extracel-

lular acid phosphatase production. Generally, ectomycorrhizal phosphatase has a

pH optimum approaching that of native soil (Antibus et al. 1986). Acid phosphatase

production was not affected by various temperatures tested except at 40 � 2�C
which showed marked reduction in enzyme production. Of nine carbon sources

used, citric acid supported highest acid phosphatase production (Sharma et al.

2010d). All tested nitrogen sources supported enzyme production and highest

with yeast extract. Among heavy metals and trace elements studied, ferric chloride

did not inhibit acid phosphatase production. Potassium di-hydrogen phosphate and

di-ammonium hydrogen phosphate produced significantly high enzyme when sup-

plemented as sole phosphorus source.

Different temperature environments have considerable effect on the physiologi-

cal and ecological consequences of ectomycorrhizal associations (Tibbett and

Cairney 2007). Like other secondary metabolites, acid phosphatase production is

directly related with mycelial growth of fungus and regulated by several abiotic and

biotic factors. Moreover, trace elements reduce enzyme activity by interacting with

the enzyme–substrate complex, by denaturing the enzyme protein, or interacting

with the protein active group (Nannipieri 1995). Trace elements (metal ions) are

assumed to inactivate enzymes by reacting with sulfhydryl groups, a reaction

analogous to formation of a metal sulfide. It has been generally recognized that

copper and cadmium are more toxic than other metals (Hattori 1992). However,

Gibson and Mitchell (2005) showed that copper has no effect on the wall-bound

phosphatase activity up to a level. Baxter and Dighton (2005) found that phospha-

tase enzymes are differentially expressed under contrasting phosphorus condition

by different ectomycorrhizal fungi. Piloderma has also shown species-specific

substrate preferences in response to organic and inorganic sources of phosphorus

(Rosling and Rosenstock 2008). However, ECM fungi differ greatly in their

capacity to produce acid phosphatase due to differential potentiality to utilize phos-

phorus, which can also be affected by season and succession (Meyselle et al. 1991).

Moreover, Courty et al. (2006) found less seasonal differences in ectomycorrhizal
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acid phosphatase activity while working with Lactarius quietus, Cortinarius anom-
alus, and Xerocomus chrysenteron.

18.3.4 Activity of Acid Phosphatase

Ectomycorrhizal fungi use organic forms of soil nutrients through production of

extracellular enzymes (Aučina et al. 2007) as an adaptation for plants to colonize

soils (Read and Perez-Moreno 2003). In forest ecosystems, P is one of the most

important growth-limiting nutrients for plants. In soil, there may be many sources

of P viz., in solution as orthophosphate, ionically bound or bound in organic

compounds. The major part of soil P (sometimes as much as 90%) is sequestered

in the organic compounds phosphomonoesters and phosphodiesters (Nygren 2008).

The P uptake by forest trees has been shown to be greatly enhanced in plants

colonized by ectomycorrhizal fungi (Conn and Dighton 2000; Courty et al. 2005).

The phosphatase enzyme capabilities of ectomycorrhizal fungi are continuously

distributed between species rather than restricted to a particular taxonomic group

(Nygren 2008). Sheathing mycorrhizal fungi have been shown to possess phospha-

tase enzymes which can hydrolyze inositol hexaphosphate. Phosphatase production

by basidiomycete fungi in liquid culture is independent of P in the medium.

Saprophytic basidiomycetes tend to incorporate hydrolyzed phosphate into their

biomass. In contrast, mycorrhizal fungi release more hydrolyzed phosphate into

solution than they absorb (Dighton 1983).

Ectomycorrhizal fungi are able to secrete hydrolytic enzymes involved in the

degradation of organic matter (Burns and Dick 2002; Lindahl et al. 2005). Acid

phosphatases solubilize insoluble forms of P not readily available to uninfected

plant roots (Tibbett et al. 1998). These enzymes are generally bound to the outer

cell walls (Rast et al. 2003). Phosphatase activities of ectomycorrhizal fungi can

vary between species, resulting in different efficiency of P utilization of host plant

(Dighton 1983). These enzymes are in direct contact with soil environment but are

able to adapt to various soil conditions and maintain activity. However, it is known

that soil components, pH, and trace elements modify the conformation of enzymes

and affect their activities. Activities of acid phosphatase are found to differ signifi-

cantly amongst ECM synthesized with different fungi and among different species

of the same fungi (Buée et al. 2005, 2007; Courty et al. 2006).

C. tropicalis showed maximum growth in acidic culture medium (Sharma

2008; Baghel et al. 2009). The p-nitrophenol phosphatase (p-NPPase) activity of

C. tropicalis isolate showed a stable activity at a pH range of 3–4 with optimum

being 4 even though the mycelial biomass production was less as compared with

pH 3 (Table 18.2). The activity of p-NPPase for C. tropicalis isolate dropped

significantly above pH 4.0. Experiments conducted at higher pH up to 12 to detect

any alkaline phosphatase activity yielded negative results (Baghel et al. 2009).

Baghel et al. (2008) have also studied the acid phosphatase activity of soil of

these bamboo forests. Surface-bound phosphoesterases activities of P involutus,
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Austropaxillus boletinoides, Descolea antartica, C. geophilum, and P. tinctorius
have been reported at pH 3–7 (Alvarez et al. 2005). Investigations by Antibus et al.

(1986) indicated that Hebeloma, Paxillus, Entoloma, and C. geophilum were

typified by sharp decrease in phosphatase activity above pH 5.

18.4 Conclusion

Several devices have been developed for in vitro ectomycorrhizal synthesis but

most of them have been found to be bulky and does not allow handling of several

experimental units simultaneously. Although considerable attention has been given

to synthesis of pine ECM, the techniques used were found difficult to apply to

angiosperms. A filter paper-flask technique developed by the authors was quite

handy, requires limited space, forms rapid ECM, and permits observation of ECM

formation. The technique was found highly successful in a maiden attempt of

ectomycorrhization in a monocot plant, D. strictus by C. tropicalis (Sharma et al.

2009b). The technique not only appears to be useful for the production of sufficient

mycorrhizal seedlings for biochemical and physiological studies but can also

produce desired quantity of mycorrhizal material for practical forestry applications.

In depth, understanding of the structure of ECM and its functioning in the perfor-

mance of tailored seedlings in nursery and field conditions are the ultimate objec-

tives of research on in vitro ectomycorrhization. However, further development of

the techniques involved in artificial synthesis of ECM is desirable.

Ectomycorrhization was influenced by solid or liquid inoculum, physical, chem-

ical and biological characteristics of the substrate as confirmed by used tea leaves

and sand mixture. The substrate stored sufficient amount of moisture which helped

Table 18.2 Effects of pH and temperature on the acid phosphatase activity of C. tropicalis

pH study Temperature study

Enzyme

incubation pH

Enzyme activity

(mg g�1 mdw)

Incubation temperature

(�2 C)

Enzyme activity

(mg g�1 mdw)

1 0.30 � 0.01 a 5 3.73 � 0.05 a

2 0.97 � 0.03 b 10 3.57 � 0.05 b

3 3.90 � 0.28 cd 15 4.50 � 0.14 c

4 4.16 � 0.54 d 20 5.67 � 0.33 d

5 3.71 � 0.15 cf 25 6.66 � 0.08 e

6 3.81 � 0.26 cf 30 11.13 � 0.81 f

7 3.55 � 0.18 f 35 8.80 � 0.33 g

8�12 � 40 18.48 � 0.55 h

Initial pH was 5.5; culture was 15 days old; results are average of mycelial dry weights (mdw) with

standard deviations; values within a column followed by the same alphabet (viz., a, b, c, etc.) do

not differ significantly at p < 0.05

Source: Adapted from Baghel et al. (2009)
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the fungus to grow actively. Several types of natural or laboratory produced inocula

and various methods of application have been reported to be successful through the

years. Ectomycorrhization helps in survival and growth of host seedlings and also

increases host ability for nutrient and water uptake. The mycobiota of forest soils

consists of AM fungi, ECM fungi, and saprotrophic decomposers and pathogens.

ECM fungi interact with other microorganisms, the outcome of which may be

inhibitory or stimulatory, some competitive, while others mutualistic, which are

important in biogeochemical cycling in forest ecosystems. Antagonistic interac-

tions with mycorrhizal fungi have significant effect on mycorrhizal systems. In the

present studies, C. tropicaliswas found highly antagonistic to some rhizosphere soil

microorganisms. Growth enhancement of host plant associated with ECM fungi has

been often correlated with increased nutrient uptake by ectomycorrhizal which is

due to secretion of surface-bound extracellular enzymes including phosphatases,

laccases, xylosidase, cellulohydrolase, etc. There are several reports of acid phos-

phatase activity of ECM fungi, which help in selecting effective mycorrhizal

symbionts for field inoculation of seedlings in reforestation program. However,

there are inadequate data on diversity and distribution of enzymes activities in

native ectomycorrhizal communities.

Work in future will focus on several aspects which are essential for complete

study of the mushroom. Bacteria affect functioning of ectomycorrhizal symbioses

including establishment, mobilization of minerals, nitrogen fixation, and antago-

nism of pathogens (Frey-Klett et al. 2007). Few attempts have been made to

characterize bacterial communities associated with ECM (Mogge et al. 2000;

Bertaux et al. 2005; Burke et al. 2008). In future studies, the bacterial population

associated with this mushroom has to be studied along with its role which will

highlight their beneficial role in the life cycle of Cantherellus. Moreover, Danell

et al. (1993) has already demonstrated the role of Pseudomonas on culturing of

C. cibarius. ECM fungi are able to alleviate the stress for plants caused by heavy

metal contamination of soil. Analyzes of molecular response of ECM fungi to these

pollutants will lead to new insights in the study of C. tropicalis. There is a need to

investigate the kinetics, energetics, and specificity of amino acid transporter from

the ECM fungus C. tropicalis.
The amplification of internal transcribed spacer (ITS) of ribosomal RNA genes

using PCR and subsequent RFLP or sequence analysis offers promise for improved

species or strain level identification of ectomycorrhizal fungi. Intrageneric homo-

geneity and intraspecific heterogeneity of these characters are however, frequent.

Therefore, there is a need to study intraspecific variation among various strains of

Cantharellus which holds the future of our research. The size and spatial distribu-

tion of mycelial individuals of C. tropicalis could be studied using RAPD and

microsatellite data and genetically distinct individuals can be recognized which will

help in knowing its genetic makeup in the region. In fact, the present trend is to use

the advance molecular tools and built-up capability to manipulate the symbionts to

our advantage (Krishna 2005). There is a need to study field plantation and study its

interaction with other fungi and organisms. All these studies will help to gather

information which will be suitable to study the biology of C. tropicalis.
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Finally, sustainable forest management and the establishment of plantation of

fast growing tree species are key issues in present day tropical forestry. Bamboos

are the most important feature of tropical forests along with dipterocarps and other

broad leaf trees. Thus, management of the existing natural forests for sustained

timber supply, research in to the role of ectomycorrhizas in seedling establishment,

and growth of plant is need of hour.
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Chapter 19

Edible Ectomycorrhizal Fungi: Cultivation,

Conservation and Challenges

Alka Karwa, Ajit Varma and Mahendra Rai

19.1 Introduction

A mycorrhiza (Gk: fungus roots) is a symbiotic association between a fungus and

the roots of a vascular plant (Frank 1885; Brundrett 2004). In a mycorrhizal

association, the fungus colonizes roots of the host plants, either intracellularly as

in endomycorrhizal fungi, also known as arbuscular mycorrhiza (AM), or extracel-

lularly as in ectomycorrhizal fungi (ECM). Most of the plants are equally dependent

on mycorrhizal fungi, and without them, the plants become stunted and yellow,

often due to a lack of phosphorus (Tarafdar and Marschner 1994; Schweiger et al.

1995; Kahiluoto and Vestberg 1998; Redecker et al. 2000). “Plants without mycor-

rhizal fungi are competitively inferior. Graham stated that mycorrhizal fungi

function as an auxiliary root system to provide additional nutrients” (Harvey

et al. 1987; Graham et al. 1994, 1999). The mutualistic association provides the

fungus with relatively constant and direct access to carbohydrates, such as glucose

and sucrose supplied by the plant (Cook 1977; Harrison 2005). The carbohydrates

are translocated from their source, usually leaves, to root tissue and on to the fungal

partners. In return, the plant gains the benefits of the higher absorptive capacity of

mycelium for water and mineral nutrients due to comparatively large surface area

of mycelium:root ratio (Tarafdar and Marschner 1994; Schweiger et al. 1995;

Kahiluoto and Vestberg 1998), thus improving the plant’s mineral absorption

capabilities (Selosse et al. 2006). Plant roots alone may be incapable of taking up

phosphate ions that are demineralized, for example, in soils with a basic pH (Abbott

and Robson 1991). The mycelium of the mycorrhizal fungus can, however, access

these phosphorus sources and make them available to the plants they colonize

(Li et al. 2006). Thus, the mechanisms of increased absorption are both physical
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and biochemical. Mycorrhizal mycelia are much smaller in diameter than the

smallest root hairs, and thus can explore a greater volume of soil, providing a larger

surface area for absorption (Tuomi et al. 2001). Also, the cell membrane chemistry

of fungi is different from that of plants (Ogawa 1985; Agerer 1995; Unestam and

Sun 1995) that include organic acid excretion which aids in ion displacement

(Griffiths and Caldwell 1992; http://cropsoil.psu.edu/sylvia/mycorrhiza.htm).

Mycorrhizae are thus especially beneficial for the plant partner in nutrient-poor

soils (Malajczuk et al. 1982).

19.2 Occurrence

The concept that plants have varying degrees of dependence on mycorrhizal

associations has gained acceptance long back (Janos 1980; St John 1980; Brundrett

1991; Marschner 1995). Mycorrhizae are present in 95% of plant families (Trappe

1987; Wang and Qiu 2006), with endomycorrhizae being the ancestral and predom-

inant form (Wang and Qiu 2006) and indeed the most prevalent symbiotic associa-

tion found in the entire plant kingdom (Harrison 2005). The structure of

endomycorrhizae has been highly conserved since their first appearance in the

fossil record (Pirozynski and Dalpé 1989; Remy et al. 1994; Redecker et al.

2000; Dotzler et al. 2006; Strullu-Derrien and Strullu 2007) with both the develop-

ment of ectomycorrhizae and the loss of mycorrhizae, evolving convergently on

multiple occasions (Wang and Qiu 2006). Both endomycorrhiza and ectomycor-

rhiza have the ability to be mycorrhizal fungi. In endomycorrhiza, the hyphae of the

fungus penetrate the outer cells of the plant root and extend into the surrounding soil

(Schultze et al. 1997; Addy et al. 2005; Schultz and Boyle 2005). Whereas in

ectomycorrhiza, the hyphae surround, but do not penetrate the roots. Endomycor-

rhiza are much more common than ectomycorrhiza. The fungal component of

endomycorrhiza is a zygomycete. While only about 30 species of zygomycetes

are known to be involved in endomycorrhizal relationships, the zygomycetes are

associated with more than 200,000 species of plants (85%) (Wang and Qiu 2006).

Basidiomycetes are the most common fungal components of ectomycorrhiza,

although some ascomycetes also form ectomycorrhizal relationships (Hosaka et al.

2007; Wilson et al. 2007). More species of fungi are involved in ectomycorrhiza (at

least 5,000), but most are only associated with a single species of plant. Further-

more, the total number of plants involved in ectomycorrhiza is limited to a few

thousand (only 10%). The most common plants associated with ectomycorrhiza are

trees and shrubs growing in temperate regions. These trees include teak, shorea,

bamboo, acacia, pines, firs, oaks, beeches, and willows (Rose 1980; Malloch and

Malloch 1981; Harley and Harley 1987; Brundett et al. 1990; Redhead 1997;

Tedersoo et al. 2007). These plants tend to be more resistant to extreme tempera-

tures, drought, and other harsh environmental conditions. Some ectomycorrhizal

fungi may provide protection from acidic precipitation. Mycorrhizal plants are

often more resistant to diseases, such as those caused by microbial soil-borne
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pathogens, and to the effects of drought (Brundrett and Kendrick 1988). These

effects are perhaps due to the improved water and mineral uptake in mycorrhizal

plants.

19.3 Role of Ectomycorrhizas

Ectomycorrhizas consist of a hyphal sheath, or mantle, covering the root tip and a

hartig net of hyphae surrounding the plant cells within the root cortex. In some

cases, the hyphae may also penetrate the plant cells, in which case the mycorrhiza is

called an ectendomycorrhiza. Outside the root, the fungal mycelium forms an

extensive network within the soil and leaf litter (Meyer 1973; Harvey et al. 1976;

Garbaye 1994). Nutrients can be shown to move between different plants through

the fungal network (sometimes called the wood wide web). Carbon has been shown

to move from birch trees into fir trees, thereby promoting succession in ecosystems

(Simard et al. 1997). The ectomycorrhizal symbiosis represents one of the most

prominent and ecologically crucial mutualistic associations in terrestrial habitats

(Marks et al. 1968; Vogt et al. 1981; Hunt and Fogel 1983). ECMs occur in most of

the temperate and boreal ecosystems and in large forested areas of tropical and

subtropical regions (Smith and Read 1997; Cairney and Chambers 1999; Verbeken

and Buyck 2001; Comandini et al. 2006; Wang and Qiu 2006; Rinaldi et al. 2008;

Sharma 2008; Baghel et al. 2009). The hyphae of most ECM fungal species

proliferate in the duff layer of the forest floor, but some also inhabit mineral soil,

and still others prefer decaying wood as a substrate (Goodman and Trofymow

1998). Some ECM fungi require large amounts of carbohydrate, which they acquire

from their plant hosts, and so are dependent on mature trees that can meet their

carbohydrate demands (Deacon and Fleming 1992).

19.4 Mycorrhizal Mushrooms

There is a wide taxonomic and structural diversity of higher fungi. The reproductive

structures of larger fungi include epigeous mushrooms, puffballs, coral fungi, crust

fungi, etc., and subterranean (hypogeal) fungi called truffles, or truffle-like fungi.

Most of these categories contain ectomycorrhizal mushrooms. The fact to be noted

is that each species of host plant is not restricted to just one mycorrhizal fungus. For

example, Douglas fir can form mycorrhizas with hundreds of different mycorrhizal

fungi. Similarly, some oaks can form ectomycorrhizas with a wide range of fungi,

such as Amanita caesarea, Amanita phalloides, Boletus edulis, as well as the

Périgord black truffle Tuber melanosporum, and it is not unusual to find half a

dozen different ECM fungi competing for space on the roots of a suitable host (Hall

and Wang 1998). A list of putative 955 mycorrhizal edible and/or medicinal

mushrooms has been provided by Hall et al. (2003). This suggests that most
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mushrooms are ectomycorrhizal. Examples of these mushrooms are A. caesarea,
Astraeus hygrometricus, B. edulis, Cantharellus cibarius, Lactarius deliciosus,
Russula virescens, and Tricholoma matsutake. The mushrooms mentioned in

Table 19.1 belong to the clades as classified by Moncalvo et al. (2002) and families

Table 19.1 Epigeous and hypogeous mushrooms with confirmed ectomycorrhizal relations

Sr

no

Order/family Epigeous mushrooms (gilled mushrooms,

puffballs, etc.)

Hypogeous and semihypogeous

mushrooms (truffles, sclerodermas, etc.)

1 Amanitaceae Amanita, Limacella Ammarrendia, Torrendia
2 Boletales Boletellus, Boletochaete, Boletus,

Austroboletus, Aureoboletus,
Psiloboletinus, Rubinoboletinus,
Fuscoboletinus, Paxillus,
Astropaxillus, Gomphidus,
Gyroporus, Chroogomphus,
Calostoma, Leccinum, Heimielia,
Paragyrodon, Phylloporus,
Phlebopus, Pisolithus, Poryphyrellus,
Scleroderma, Strobilomyces,
Tylopilus, Suillus, Xanthoconium,
Xerocomus

Austrogaster, Austrogautieria, Astaeus,
Gastroboletus, Alpova,
Gymnopaxillus, Gymnogaster,
Horakiella, Melanogaster,
Rhizopogon, Sclerogaster,
Scleroderma, Chamonixia,
Hysterogaster, Mycoamaranthus,
Octaviania, Velligaster,
Truncocolumella

3 Cantharellaes Cantharellus, Cantharellula, Cratrellus
4 Clavariaceae Clavaria, Clavicorna, Clavulina,

Clavulinopsis, Clavaridelphus,
Ramariopsis, Aphelaria

5 Cortinariaceae Cortinarius, Naucoria, Rozites,
dermocybe

Cortinarius, Hymenogaster,
Quadrispora, Stephanopus,
Protoglossum, Destuntzia,
Thaxeterogaster, Setchelliogaster

6 Elaphomycetaceae Elaphomyces, Pseudotulostoma
7 Endogonaceae Endogone, Densospora, Yougimyces,

Peridiospora
8 Entolomataceae Some species of Entoloma Rhodogaster, Richoniella
9 Gomphales,

Hysterangiales
Gomphus, Boletopsis, Bankera,

Clavaridelphus, Hydnum, Hydnellum,
Sarcodon, Ramaria, Phellodon

Aroramyces, Hysterangium,
Chondrogaster, Gautieria,
Gummiglobus, Mesophellia,
Malajczukia, Austrogautiera,
Gallacea, Protrubera, Trappea,
Phallogater, Catoreum

10 Hydnangiaceae Laccaria Hydnangium, Podohydnangium,
Gigaspera

11 Hygrophoraceae Hygrophorus, Gliophorus, Humidicutis
12 Hymenogastraceae Hebeloma, Phaeocollybia Hymenogaster
13 Inocybaceae Inocybe, Auritella Auritella
14 Lyophyllum Lyophyllum
15 Pezizales Geopora, Helvella, Hydnotyra,

Pulvinulla, Geopora, Sarcosphaera,
Tirmania, Tricharina, Sphaerozone,
Genea, Wilcoxina

Tuber, Kalaharituber , Terfezia,
Turmania, Dingleya,
Labyrinthomyces, Pachyphloeus,
Redellomyces, Eremiomyces

16 Russulales Russula, Lactarius Stephanospora, Cystangium,
Arcangeliella, Leucogaster,
Gymnomyces, Zelleromyces

17 Thelephorales Thelephora, Sarcodon, Phellodon,
Bankera

18 Tricholomataceae Tricholoma, Leucopaxillus
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as described by Matheny et al. (2006) and Hibbett et al. (2007). A survey of

literature provides evidence that many researchers have contributed in the field of

identity and taxonomy of ectomycorrhizal fungi (Arora 1986, 1991; LoBuglio et al.

1996; Erland and Taylor 1999; Kõljalg et al. 2000; Moncalvo et al. 2000; Bougher

and Lebel 2001; Humpert et al. 2001; Peinter et al. 2001; Binder and Bresinsky

2002; Selosse et al. 2002; Tehler et al. 2003; Urban et al. 2003; Binder et al. 2005;

Douhan and Rizzo 2005; Ferdman et al. 2005; Henkel et al. 2006; Matheny and

Bougher 2006; Matheny et al. 2006; Tedersoo et al. 2006; Trocha et al. 2006;

Watling 2006; Barroetaveña et al. 2007; Hibbett et al. 2007; Hosaka et al. 2007;

Wilson et al. 2007). Many of them are the confirmed ECM associations by fungal

isolation and resynthesis under controlled conditions (Warcup 1980, 1985; Kropp

and Trappe 1982; Malajczuk et al. 1982; Molina and Trappe 1982; Bougher and

Malajczuk, 1985; Godbout and Fortin 1985; Reddell and Milnes 1992; Massicotte

et al. 1994; Thomson et al. 1994; Cripps and Miller 1995; McGee 1996; Kawai

1997; Lu et al. 1998; Reddell et al. 1999; Baxter and Dighton 2001; Yamada

et al. 2001a, b; Yun and Hall 2004; Brundret et al. 2005; Henkel et al. 2006).

However, the medicinal properties of mycorrhizal mushrooms have not been well-

investigated.

Mycorrhizal mushrooms, some of which are among the world’s most expensive

foods, are of considerable interest to the chef and the gourmet (Table 19.2). Most of

these ectomycorrhizal mushrooms are found only in the North of the equator and

fruit for short periods during the year. There has been a marked decline in the

harvests of some edible mycorrhizal mushrooms over the past century (Hall et al.

2003). Possible reasons for this decline include deforestation, the loss of host plants

within forests due to pests or disease, changed forest management practices such as

planting more densely than occurs in natural forests, the replacement of natural

forests with plantations of species that are poor hosts for edible mycorrhizal mush-

rooms, global warming since the last ice age, soil compaction by hordes of pickers,

acid rain, and, for truffles, the loss of expertise during two World Wars as to

Table 19.2 Market value of commercially important ectomycorrhizal edible mushrooms

Mushroom species Common

name

Estimated world

production (t)

Approx. price US$/kg

B. edulis Porcini 20,000–100,000 20–200 (Hall et al. 1998a;

http://en.wikipedia.org/wiki/

Boletus_edulis, 2010)

C. cibarius Chanterelle 220,000 8–19 (Danell 2000; Warner 2010,

http://basiceating.blogspot.com/

2010/04/Chantharelle-

cantharellus.cibarius.html)

T. matsutake Matsutake 1,000 90–2,000 (Ashkenazi and Jacob

2003, http://en.wikipedia.org/

wiki.matsutake, 2010)

Tuber melanogaster Black Truffle 150 1,000–3,490 (Maison de la 2010)

T. magnatum White Truffle 10,200 10,200 (Maison de la 2010)
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where and how to find them. There has been a spectacular increase of interest

and commercial activity concerned with dietary supplements, functional foods, and

other products that are “more than just food.” On the contrary, there has been a

marked decline in the harvests of some edible mycorrhizal mushrooms over the past

century, which is illustrated by the official figures of Eurasian countries. This makes

the cultivation of edible mycorrhizal mushrooms all the more attractive.

19.5 Production and Forest Management

Wild edible mushroom harvest generates millions of dollars each year and consists

largely of ectomycorrhizal fungi, such as pinemushrooms (Tricholomamagnivelare),
chanterelles (Cantharellus formosus and Cantharellus subalbidus), and boletes

(B. edulis) (Danell and Camacho 1997). Pine mushrooms are the most commercially

important wild forest mushroom and are exported exclusively to Japan (de Geus

1995), while chanterelles, boletes, and others are primarily exported to parts of North

America and Europe (de Geus 1995). Known commercial mycorrhizal mushroom

(particularly tubers) sites are located across all the regions of France (de Geus 1995;

Freeman 1997; Trowbridge and Macadam 1999; Ehlers and Frederickson 2000;

Berch and Wiensczyk 2001; Kranabetter et al. 2002), in forests from 20 to more

than 200 years old (Hosford and Ohara 1995; Norvell 1995; Redhead 1997; Pilz et al.
1998). Forest practices, such as logging, site preparation, tree selection, fire, fertiliza-

tion, pesticide use, brushing and spacing, and grazing, influences mushroom presence,

reproduction, and productivity. Ectomycorrhizal fungi require living roots, and there-

fore living trees, to survive. As a result, timber harvesting, particularly clearcutting,

profoundly reduces mushroom production (Smith et al. 2002) until the mature forest

becomes reestablished. In some areas, gap area size significantly affects the produc-

tion of fruiting bodies in forests (Durall et al. 1999, 2006). Sporocarp diversity

declines significantly in forests as soil compaction from machinery and trampling

can damage the mycelium and reduce mushroom productivity (Colgan et al. 1999).
Forest management techniques that promote mushroom production have been

studied in many countries. To encourage matsutake mushroom production in

Japanese forests, for example, various silviculture treatments have been applied.

Overstorey trees are thinned, tree species composition is altered, nonhost under-

storey shrubs and herbs are cut, and organic litter is removed from the forest floor

(Hosford et al. 1997). In North America, such intense management of forests for

pine mushroom production does not occur. Studies in Europe show that nitrogen

deposits from air pollution (Arnolds 1991) and applications of nitrogen fertilizers

(Termorshuizen 1993) reduce the productivity of edible ectomycorrhizal fungi.

Information on the effects of pesticide application or grazing on edible mushrooms

is currently not available for any country. More research is required to determine

how silviculture techniques could be used to promote the fruiting of economically

important fungi in forests across the globe.
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19.5.1 Ectomycorrhizal Mushrooms and Wildlife Association

A highly evolved beneficial relationship exists between ectomycorrhizal fruiting

bodies, host trees, and wildlife. Fruiting bodies of ectomycorrhizal fungi are an

important food source for many temperate forest mammals and invertebrates (Fogel

1975; Fogel and Trappe 1978; Bruns 1984; Lawrence 1989; Cazares and Trappe

1994; Johnson 1994; Janos and Sahley 1995; North and Trappe 1996). In the

process of consuming the fruiting body, fungal inoculum is dispersed throughout

the animal’s range, thereby exposing the ectomycorrhizal host trees to a higher

diversity of inocula. Aboveground sporocarps generally disperse their spores

through the forest by means of air and water currents. Below-ground fruiting

bodies, by contrast, depend on animals for spore dispersal. Animals are attracted

to the aromatic compounds produced by truffles and false-truffles (i.e., true truffles

belong to the class Ascomycete; false-truffles belong to the class Basidiomycete),

which lead them to excavate and consume these mushrooms. The spores in the

fruiting bodies ingested by the animal pass through the gut and are deposited with

fecal pellets (Cazares and Trappe 1994; Johnson 1994; Currah et al. 2000). Some

small mammals, such as the northern flying squirrel and the California red-backed

vole, use truffles as their primary food source (Amaranthus et al. 1994). These
mammals, in turn, are important prey for other species of animals (Forsman et al.

1984). Cavities in downed and standing dead wood are commonly used by small

mammals to store food when foraging (Bunnell et al. 1999) and are therefore

important not only for wildlife survival but also as sources of ectomycorrhizal

fungal inocula for the surrounding forest. Retaining standing and downed coarse

woody debris is thus important for the dispersal of spores from both above- and

belowground ectomycorrhizal fruiting bodies (Klironomos and Hart 2001).

19.6 Cultivation of Edible Mycorrhizal Mushrooms

As is evident, about half of the world’s species of edible mushrooms are mycorrhi-

zal, and among them are some of the world’s most expensive foods. A few of these

mushrooms have well-established worldwide markets measured in billions of

dollars. All of the mycorrhizal mushrooms are seasonal, best-eaten fresh, and do

not preserve well (Hall et al. 2007). Of more than 300 ectomycorrhizal mushrooms

eaten around the world, those held in the highest regard are the Périgord black

truffle (Hall et al. 1994), Italian white truffle (Hall et al. 1998a), porcini (Hall et al.

1998b), chanterelle (C. cibarius; Danell 2001), and matsutake (T. matsutake; Wang

et al. 1997). However, many of the other edible mycorrhizal mushrooms like

Caesar’s mushroom (Amanita caesaria), honshimeji (Lyophilum shimeji), Bur-
gundy truffle (Tuber uncinatum), Oregon white truffle (Tuber gibbosum), and
saffron milk cap (L. deliciosus) also have significant local markets. Figure 19.1

showed the different edible ectomycorrhizal mushrooms of high culinary demand.
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19.6.1 Truffles

A truffle is a subterranean fungal fruiting body that develops underground and relies

on mycophagy for spore dispersal (FEMAT 1993). There are 70 known varieties of

truffles, 32 of which are found in Europe, but the fruiting bodies of some are highly

prized as a food. They have a pungent, intense, earthy fragrance and lend a unique

flavor to food, sometimes referred to as “Black gold” or “black diamonds” because

of their scarcity and worth. Edible truffles are held in high esteem in international

haute cuisine. They prefer argillaceous or calcareous soils, which are well drained

and neutral or alkaline (Martin et al. 2010). Truffles fruit throughout the year,

depending on the species, and can be found buried between the leaf litter and the

soil. One of the best-known is the French truffles or the Périgord black truffle (T.
melanosporum). This mushroom is found in the forests of southern France, northern

Italy, and northeastern Spain on the roots of, for example, oaks and hazels. It is used

very widely in gourmet cooking where it either imparts a flavor of its own to a dish

a

c d

b

Fig. 19.1 Edible ectomycorrhizal mushrooms of high culinary demand: (a) Perigord truffle Tuber
melanosporum, (b) Russula brevipesm, (c) Cantharellus cibarius, (d) Boletus edulis, (e) Tuber
magnatum, (f) Russula emetica, (g) Cantharellus cibarius, (h) Boletus edulis
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or enhances the flavor of other foods it is cooked with. These truffles are considered

as one of the great foods of the world, and when fresh in season, prices can be as

high as $2,500 per kg.

At the beginning of the twentieth century, production of the Périgord black

truffle has been estimated to have been between 1,000 and 2,000 tons, but in the last

decade, it is reported to be less than 150 tons (Olivier 2000, Lefevre and Hall 2001).

The earliest cultivation of truffles was achieved by Joseph Talon (father of truffle

raising) in the early 1808s (Hall et al. 1994; Hall and Wang 1998). He found that

transplanted oak seedlings from the rooting zones of trees produced Périgord black

truffles. Despite its lack of sophistication, Talon’s technique was widely used for

150 years. In some last decades, new attempts for mass production of truffles have

been started. There are truffle-growing areas in the United States, Spain, Sweden,

New Zealand, Australia, Chile, and the UK. Truffles have long eluded the modern

techniques of domestication known as trufficulture. Although the field of trufficul-

ture has greatly expanded since its inception in 1808, several species still remain

uncultivated. Cultivation of Terfezia (Gutierrez, unpublished) (Morte et al. 2000)

and various species of Tuber, including T. borchii (bianchetto) (Zambonelli et al.

2002), T. melanosporum (Lefevre and Hall 2001; Hall et al. 2003), and T. uncina-
tum (Chevalier and Frochot 1997) through sporal suspensions has been reported at

different times.

Lately, the genome sequence of the Périgord black truffle has been published in

March 2010 (Martin et al. 2010).

19.6.2 Russula

The genus Russula (Pers. Ex. Fr.) S.F. Gray accounts in a large measure for

monsoon mushroom flora in forests. It is cosmopolitan and largely ectomycorrhizal

genus with a wide range of Gymnosperms and Angiosperms (Richardson 1970;

Agerer 2002). A number of Russula species form ectomycorrhizas with different

tree species (Arora 1986). Russula brevipes and its morphotypes/ectomycorrhiza

have been described and illustrated (Niazi et al. 2006) from moist temperate forests

of Pakistan, associated with Pinus wallichiana. Russula species is widely

distributed and mainly associated with species of Abies, Picea, Tsuga, and Pseu-
dosuga (Stanis 1979; Pillukat and Agerer 1992; Kraigher et al. 1995; Kernaghan

et al. 1997). It is more commonly found in Himalayan forests under conifers in late

fall and can easily be identified by its large fruit size. Yamada, since 1997, has

studied the cultivation of edible EMF. Among many species, Russula nigiricans
and Russula mariae were successfully induced to synthesize mycorrhiza in vitro

(Yamada 2003).

The mushroom contains very useful phytochemicals such as phenolics, flavo-

noids, ergosterol, and b-carotene. The sesquiterpene lactone named russulactaror-

ufin along with lactarorufin-A and 24-ethyl-cholesta-7,22E-diene-3b,5a,6b-triol
have been isolated and characterized (Suri et al. 1997). The wild species proved
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to have antioxidant potential and free radical scavenging activity. The combination

of bioactive substances and rich nutritional composition (high contents in protein

and carbohydrates, low content in fat) in the mushroom should be useful to

consumers in encouraging them to utilize the nutritive potential of this edible

wild mushroom (Chen et al. 2010).

19.6.3 Cantharellus

C. cibarius, commonly known as the golden chanterelle, is probably the best known

species of the genus Cantharellus. It is orange or yellow, meaty and funnel-shaped

with smooth cap, and gill-like ridges that run almost all the way down its stipe,

which tapers down seamlessly from the cap. It has a fruity smell, reminiscent of

apricots, and a mildly peppery taste and is considered an excellent food mushroom.

Chanterelles are common in northern parts of Europe and North America, Asia, and

in Africa (Boa 2004). Chanterelles are associated with conifers and oaks (Arora

1979; Metzler 1992). In Scotland, chanterelles grow in mixed forest (silver birch

and scots pine), especially when the forest has plenty of moist, mossy undergrowth.

Chanterelles are versatile and can be added as an ingredient to most dishes. They

can also be pickled in brine and can last from 6 to 12 months. In most places, they

are dry stored. Fresh chanterelles can generally be stored up to 10 days in a

refrigerator.

Nils (1979) first proved that spores of C. cibarius can be germinated in vitro.

Danell attempted to cultivate the species (Danell and Camacho 1997). Up to

6.7% of its tissues contain vitamin C; as for carotene, they can be as much as

23.1%. Research has suggested that the golden chanterelle may have potent

insecticidal properties that are harmless against humans and yet protect the

mushroom body against insects and other potentially harmful organisms

(Philpot 1965).

19.6.4 Boletus

Boletus has a cosmopolitan distribution, concentrated in cool-temperate to subtropical

regions (Marais and Kotzé 1977; Eicker 1990; Masuka 1996; Hall et al. 1998b; Hall

et al. 2003; Orlovich et al. 2004; Oria-de-Rueda et al. 2008). It has been reported from

Europe – from northern Scandinavia, south to the extremities of Greece and Italy –

and North America, where its southern range extends as far south as Mexico (Tylukti

1987), China (Tylukti 1987), Nepal (Giri and Rana 2007), and India (Adhikary et al.

1999). The mushroom’s habitat consists of areas dominated by Pinus spp.(Vozzo and
Hackskaylo 1961; Froidevaux and Amiet 1975), spruce (Picea spp.) (Ceruti et al.

1988), hemlock (Tsuga spp.) fir (Abies spp.) trees (Gobl 1977), chestnut, chinquapin,
beech,Keteleeria spp., Lithocarpus spp., and oak (Wang et al. 1995; Gross et al. 1998;
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Quan and Lei 2000; Agueda et al. 2006, 2008; Fu et al. 2009). The mushroom has

been noted to commonly cooccur with Amanita muscaria or Amanita rubescens,
although it is unclear whether this is due to a biological association between the

species or because of similarities in growing season, habitat, and ecological require-

ments (Hall et al. 1998b; Hall et al. 2003; Peinter et al. 2007).

Estimates suggest the total annual worldwide consumption of B. edulis and

closely related species (B. aereus, B. pinophilus, and B. reticulatus) has increased
from 20,000 to 100,000 tons in the current decade (Hall et al. 1998b, 2003; Agueda

et al. 2008). They are widely exported and sold in dried form, reaching countries

where they do not occur naturally, such as Australia and New Zealand. In autumn,

the price of porcini typically ranges between $20 and $80 per kilogram, although

the scarcity of fruit bodies sometimes elevates the wholesale price to over $200 per

kilogram (Sitta 2000; Hall et al. 2003; Boa 2004; Sitta and Floriani 2008; Drumeva

and Gyosheva 2009).

As with other strictly mycorrhizal fungi, B. edulis has eluded attempts to

cultivate it (Arora 1986; Chang and Miles 2004). The results of some studies

suggest that unknown components of the soil microflora might be required for

B. edulis to successfully establish a mycorrhizal relationship with the host plant

(Veselkov 1975; Ceruti et al. 1988; Fitter and Garbaye 1994).

B. edulis fruit bodies contain ergosterol and ergosterol peroxide (Mattila et al.

2002; Ey et al. 2007; Ribeiroa et al. 2008), with a wide spectrum antimicrobial and

anti-inflammatory activity, and cytotoxicity to various tumor cell lines grown in

laboratory culture (Lucas et al. 1957; Krzyczkowskia et al. 2008). However, some

investigations in the United States do not support this (Lamaison and Polese 2005).

The mushroom also contains mitogenic lectin with antiviral properties against the

human immunodeficiency virus enzyme reverse transcriptase (Zheng et al. 2007),

Vaccinia virus (Kandefer-Szersen et al. 1980) and tobacco mosaic virus grown in

culture (Piraino 2006; Li et al. 2009).

19.6.5 Cultivation of Other Species

While some plants can live in the absence of the fungal partner, at least under

amended (fertilized) environments, mycorrhizal fungi cannot live in the absence of

the host (Harley and Smith 1983). In poor, dry tropical soils, however, mycorrhizal

associations are vital for plant growth and survival (Munyanziza 1994). The normal

reproductive cycle of mushroom-producing mycorrhizal fungi involves the follow-

ing stages: (1) spore germination, (2) mycelium growth, (3) infection of the specific

host, and (4) fruiting-body (mushroom) production and sporulation. Without the

right host, the fungus does not reach stages 3 and 4.

Plants infected following inoculation with spore suspensions (Hall and Wang

1998; Hall et al. 2002) or pure cultures prepared either from fruiting bodies (Sisti

et al 1998) or mycorrhizal root tips (Kagan-Zur 2002) have led to the formation of

edible mycorrhizal mushroom fruiting bodies in the field, including L. deliciosus
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(Poitou et al. 1989; Wang et al. 2002a, b), Lyophyllum shimeji (“Kyoto scientists

grow hon-shimeji mushrooms,” http://www.kippo.or.jp/KansaiWindowhtml/

News/1996e/19961119_NEWS.HTML), Rhizopogon rubescens (Wang et al.

2002a, b), Suillus granulatus (Poitou et al. 1989), Terfezia (Morte et al. 2000),

and various species of Tuber (Chevalier and Frochot 1997; Lefevre and Hall 2001;

Zambonelli et al. 2002; Hall et al. 2003); Danell and Camacho (1997) also produced

C. cibarius in pots in the greenhouse. Despite these successes, fewer than a dozen of
the many hundreds of edible mycorrhizal mushrooms have ever been cultivated

with any degree of success (Wang et al. 2002a, b), and this includes important

commercial species such as B. edulis (Hall et al. 1998a, b), T. matsutake (Yun and

Hall 2004), and the Italian white truffle (Tuber magnatum) (Hall et al. 1998a;

Gregori 2002). T. matsutake was first found to form a typical Hartig net showing

ectomycorrhiza, which subsequently synthesized mycorrhiza. Other tested EMF

also produced mycorrhizal seedlings. Among them, Lactarius akahatsu, R. rubes-
cens, Tricholoma portentosum, and T. saponaceum were successfully induced to

fruit with juvenile pine seedlings of around of 1-year old (Yamada 2003).

Consequently, supplies of most commercially important edible mycorrhizal

mushrooms are still restricted to those that can be harvested from the wild during

autumn or winter. For these, we are left to speculate on the reasons why we have not

been able to establish viable infections on a suitable host plant or why fruiting

bodies simply fail to form.

19.7 Conservation

In spite of their importance, discussions of ectomycorrhizal mushroom conserva-

tion are not widespread. Many factors may be influencing the more prominent

decline in these mushrooms compared to saprophytic and lignicolous fungi (Leake

et al. 2002). Mycorrhiza formation and especially fruit body formation is sensitive

to soil disturbance. The amount of organic matter available in forest stands influ-

ences the types of mycorrhizae present on tree roots (Harvey et al. 1976). Similarly,

chemical weeding, which is often done in forests or agroforestry (Amakiri 1977),

may have consequences on mycorrhiza fungi and hence on mushroom production

(Iloba 1980). A broader appreciation for the conservation of ectomycorrhizal

mushrooms is needed as these fungi are crucial to many ecosystem functions and

have great ecological and economic value. For the in vitro culture, usually isolation

of the mycelia is difficult. Mycelial growth on synthetic medium is poor, and fruit

bodies do not form easily in pure cultures. Many attempts to cultivate mycorrhizal

mushrooms have failed. Fungal propagules including spores and hyphae do not

remain viable for long periods. In nature, these fungi are more or less obligate root

symbionts.

Much concern about the conservation of EMF diversity has come from Europe

where populations have declined over the last three decades (Arnolds 1988;

440 A. Karwa et al.

http://www.kippo.or.jp/KansaiWindowhtml/


Arnolds 1991). Ectomycorrhizal fungal spores are lost to predation, germination

under unsuitable conditions, and weathering (Miller et al. 1994). The most dramatic

fungal declines have been associated with increases in various types of pollution

(Arnolds 1988). Though mushrooms like Tricholoma and Lactarius are not culti-

vable, Cantharellus and Truffles can be cultivated using symbiotic relationship as a

technique forming mycorrhiza in the field or by applying the same methods used for

cultivating saprophytic mushrooms to use substrates and nutrients in bottles or bags

as culture medium. Environmental conditioning of the wooded area by thinning the

undergrowth and by plowing the litter layer can also increase the number of

mycelia. Controlled burning of trees to induce formation of new fungal colonies

is yet another way practiced to grow these mushrooms.

In fact, in the tropics, about 95% tree species from endomycorrhizas do not form

mushrooms (Lapeyrie and H€ogberg 1994; Mason and Wilson 1994). Clearly, in the

domestication of mycorrhizal fungi for mushroom production on trees in agrofor-

estry systems, the tree component has to be made of the species forming ectomy-

corrhizas. For increased mushroom diversity and sustained production, the

domestication of mycorrhizal mushrooms will mean the creation of an agroforestry

system having trees of different species and age groups supplied with the right

spectrum of fungal partners (Mason et al. 1987; Termoshuizen 1991).

19.7.1 Challenges Ahead

One possible reason behind the failure in cultivating ectomycorrhizal mushrooms is

simply the assumption that they are mycorrhizal when their relationship with their

hosts is more complicated. Out of about 2,500 recorded species of edible mush-

rooms, the most expensive and sought after mushrooms belong to the mycorrhizal

group and include T. melanosporum, T. magnatum, T. matsutake, B. edulis,
C. cibarius, Russula emetica, and A. caesarea. Over the past century, harvests of

many mycorrhizal mushrooms have declined dramatically, which has prompted

interest in the development of methods for their cultivation. So far, only a few

species of truffles have been produced in commercial quantities, although methods

have been developed that may see the cultivation of species such as C. cibarius,
L. shimeji, and L. deliciosus. Despite this, many of the most expensive mycorrhizal

mushrooms, including T. magnatum Pico & Vitt. and T. matsutake, have defied

cultivation (Yun and Hall 2004).

The links between wild edible fungi and tree hosts are well known for economi-

cally important species such as B. edulis and Tuber spp. Cantharellus spp. form

mycorrhizae with many tree species in tropical countries. There is an expanding

body of information about many other edible fungus–tree associations, but this has

not been assembled in the form of a database that would, for example, allow for

predictive searches. The search for matsutake in Asia was assisted by a knowledge

of its tree hosts, and this approach would assist in prospecting for other wild edible
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fungi. Knowledge about the mycorrhizal partners of edible species of Amanita,
Lactarius, and Russula is steadily increasing. However, our understanding of the

ecological conditions favored by edible ectomycorrhizal mushroom is restricted to

a handful of fungi and a paucity of publications (Chevalier and Frochot 1997; Wang

et al. 1997; Hall et al. 1998a; Morte et al. 2000; Sbrana et al. 2000; Lefevre and Hall

2001; Hall et al. 2003). Clearly, there is a need for considerable study in this area to

determine whether an edible mycorrhizal mushroom is found on young or old trees –

the so-called early or late-stage mushrooms (Visser 1995; Redecker et al. 2001);

define the optimum edaphic and climatic conditions tolerated by the fungus;

monitor the effect of changing environmental conditions on mycorrhizal commu-

nity structures (Lilleskov et al. 2002); their relationship with other belowground

organisms (Duplessis et al. 2002); and identify the factors required to trigger

fruiting (Hall et al. 2002). There is a considerable body of literature on truffles

(Federation-Française-des-Trufficulteurs 2001). Researchers have focused much

attention to the complex relationships between biological, social, and economic

issues, a welcome move towards establishing a sound basis for sustainable produc-

tion of wild edible fungi.

19.8 Conclusions

Ectomycorrhizal mushrooms constitute an important resource being exploited on a

commercial scale. In future, ectomycorrhizal mushrooms may play important role

as medicines and as bioindicators of sustainable ecosystems practices. Traditionally

gathered for household consumption, they have won international attention. There

has been a marked decline in the harvests of some edible mycorrhizal mushrooms

over the past century. Possible reasons for this decline include deforestation, the

loss of host plants within forests due to pests or disease, deforestation as well as

changed forest management practices such as planting more densely than occurs in

natural forests, the replacement of natural forests with plantations of species that are

poor hosts for edible mycorrhizal mushrooms, global warming since the last ice

age, soil compaction by hordes of pickers, acid rain, etc. There has been a spectac-

ular increase of interest and commercial activity concerned with dietary supple-

ments and functional foods. This makes the cultivation of edible mycorrhizal

mushrooms all the more attractive. Biochemical and molecular studies also might

prove crucial to our understanding of these issues. The domestication of edible

ectomycorrhizal mushrooms is therefore gathering some momentum in a few parts

of the world. This needs to build on the understanding of the relation between

the partners and the environment under which the cultivation can be optimized.

Cultivating ectomycorrhizal mushrooms requires special management of forestry

systems. This will depend on incorporating appropriate tree species, practicing

limited soil disturbance, understanding the mycorrhizal partnership, and forest

dynamics.
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