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NOMENCLATURE

Symbol Description Dimension

g, mg, u.g, ng

d day

dwt dry weight

E sensitivity of the ultraviolet detector

EME extraradical mycelium extraction

FDA fluorescein diacetate

Hz hertz

IC inoculum cells

INT indonitrotetrazolium

kGy kilo gray

KOH potassium hydroxide

X wavelength

LSD least significance difference

MBTH 3-methyl-2-benzothiazolone hydrazone

hydrochloride

MES 2(N-morpholino)ethanesulphonic acid

m/z mass charge ratio

N nitrogen

nitro-BT nitro blue tetrazolium

nm nanometer

P phosphorus

rpm stirring speed

RFS root-free substratum

SE standard error

SIM selected ion monitoring

AM arbuscular mycorrhiza

AMF arbuscular mycorrhizal fungus

nm

10-9 m

mmin-1
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ABSTRACT

In the present study, the role of the arbuscular mycorrhizal fungi (AMF) as an

important component of the soil ecosystem in the soil N-cycle was examined. In

the first part of this work, the aim was to determine the mycorrhizal biomass in

roots and soil by biochemical and microscopical methods. This part should

provide a basis to elaborate biochemical parameters for reliably determining

mycorrhizal biomass and to estimate the N immobilizing potential of the

symbiotic fungus in the soil.

Ergosterol a membrane component specific to fungi has been identified by gas

chromatography-mass spectrometry (GC-MS) in roots of berseem {Trifolium

alexandrinum L.) and maize colonized with a AM fungus. The fungal-derived

compound ergosterol was determined quantitatively in root extracts using

reverse-phase high performance liquid chromatography (HPLC). The

concentrations of ergosterol in AMF-colonized roots increased up to 72 \ig g-1

dry material in berseem and 52 u.g g-1 in maize after 80 days of growth, whereas

concentrations in non-colonized roots remained below 8 u.g g_1 dry weight.

Ergosterol can be used to reliably determine the fungal biomass within the roots

in the early stages of mycorrhizal colonization.

Ergosterol has also been identified in the external mycelia of a AM fungus.

However, this compound occurred in very low concentration (< 0.006 % of

mycelial dry weight). A good correlationship was found between biochemical

substances (ergosterol and chitin) containing the extraradical mycelia and

hyphal lengths. Considerably higher values of both ergosterol and chitin were

obtained for AMF colonized roots than external mycelia in pot experiments. Most

of the mycorrhizal biomass was located within in the root domain and the

calculated fungal biomass represented 7.4 % of root tissue of red clover.

In the second part of this work, the objective was to examine the importance of

the external AMF mycelia in the N acquisition of the host plant and in the N

transfer from a N2-fixing plant to a non-N2-fixing plant using the N-15 isotope

technique. The experimental compartmentation of roots and hyphae allowed

hyphae to be fed differentially from the roots and the contribution of hyphae to

the absorption of N and its translocation to the host plant could be determined.
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The isolate of Glomus intraradices used here in symbiosis with maize was able

to absorb N from the soil and transport part of it to the host plant, over a distance

of 5 cm or more. The hyphal N transport did not influence plant growth but did

affect plant N concentration. The mycorrhizal contribution accounted for 30 % of

total N uptake of maize. Cutting the extraradical hyphae in the hyphal

compartment from their roots adversely affected 15N uptake by maize. Higher

15N uptake by mycorrhizal plants corresponded to a depletion of 15N in the

presence of hyphae in the hyphal compartment. However, in this study there was

no conclusive evidence that AMF hyphae could derive N from organic 15N

sources more efficiently than non-mycorrhizal roots.

In a series of experiments with 15N-enriched N fertilizer and 15N2, the N transfer

from a legume to associated non-legumes via hyphae of AM fungi was

investigated. In spite of a root-free separating zone, the AMF mycelia was a

significant pathway of 15N transfer from a legume to a non-legume.

Translocation of symbiotically fixed N from berseem to maize connected by a

common endomycorrhizal mycelia after exposure of the plants to 15N2 was

found to occur. The amounts transferred by this mean were small (less than 4 %

in terms of total 15N) and unlikely to be of agronomic significance. The direction

and the extent of N movement between plants via AMF hyphae are likely to

depend on a physiological imbalance between the individual plants.

The present study show that AM fungi improve the N nutrition of the host plant in

low-fertilized soils by hyphal N transport and by providing channels for transfer of

N originating from fixation by a legume to a nonleguminous plant. The fungus

also helps to reduce N loss from the root system by efficient depletion of N in soil

and by temporary immobilization of N within the mycorrhizal biomass.
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KURZFASSUNG

In dieser Arbeit wurde die Rolle der arbuskularen Mykorrhiza als bedeutende

Komponente des Bodenokosystems im Stickstoff (N)-Kreislauf des Bodens

untersucht. Das Ziel des ersten Teils der Studie war, die Mykorrhiza-Biomasse in

infizierten Wurzein und im Boden mittels biochemischen und mikroskopischen

Methoden zu bestimmen. Dieser Teil sollte Grundlagen erarbeiten, urn die

pilzliche Biomasse zuverlassig aus biochemischen Parametern zu berechnen

und urn das Potential des symbiontischen Pilzes, N im Boden festzulegen, zu

ermitteln.

Das nur in der pilzlichen Membran vorkommende Ergosterol wurde mittels GC-

MS in mykorrhizierten Wurzein von Alexandrinerklee und Mais identifiziert. Das

vom Pilz gebildete Ergosterol wurde quantitativ in Wurzelextrakten mittels HPLC

bestimmt. Die Konzentrationen von Ergosterol erreichten 72 u.g g'1 (Wurzel-

Trockengewicht) in mykorrhizierten Wurzein von Alexandrinerklee und 52 u.g g-1

in mykorrhizierten Wurzein von Mais nach 80 Tagen. Im Gegensatz dazu

verzeichneten Proben von nicht mykorrhizierten Wurzein Konzentrationen unter

8 jig g-1 (Wurzel-TG). Die Methode eignet sich zur Bestimmung der pilzlichen

Biomasse in Wurzein, sogar in einem fruhen Stadium einer Mykorrhizainfektion.

Ergosterol kommt auch in sehr geringen Konzentrationen im externen Myzel des

Mykorrhizapilzes vor (< 0.006 % Myzel Trockengewicht). Eine gute Korrelation

wurde sowohl zwischen Ergosterolgehalt und Hyphenlange und als auch

zwischen Chitingehalt und Hyphenlange im externen Myzel gefunden. In

Topfversuchen wurden bedeutend hohere Ergosterol- und Chitingehalte in

infizierten Wurzein bestimmt als im externen Myzel. Der grosste Teil der

pilzlichen Biomasse war vorwiegend in den Wurzein lokalisiert und machte 7.4

% des Wurzel-Trockengewichtes von Rotklee aus.

Das Ziel des zweiten Teiles der Dissertation war, die Bedeutung des externen

Myzels der arbuskularen Mykorrhiza in der N-Versorgung der Wirtspflanze und

im Transfer von N von einer N2-fixierenden Pflanze zu einer nicht N2-fixierenden

Pflanze mittels der N-15 Isotopenmethode zu untersuchen. Urn den Beitrag der

AM in der N-Versorgung der Wirtspflanze zu ermitteln und eine Konkurrenz von

Wurzein und Hyphen urn die N-Aufnahme keine Rolle spielen, wurden Wurzel-

und Hyphenraum voneinander getrennt.
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Das verwendete Pilzisolat Glomus intraradices, hier mit Mais eine Symbiose

bildend, war fahig N aus dem Boden aufzunehmen und uber eine Distanz von 5

cm und mehr zur Wirtspflanze zu transportieren. Das Wachstum der Pflanzen

wurde im Gegensatz zur N-Konzentration der Pflanzen durch den N-Transport

der Hyphen nicht beeinflusst. Das externe Myzel trug bis zu 30 % der totalen N-

Aufnahme von Mais bei. Eine Unterbrechung der Hyphenverbindungen vom

Hyphenraum zum Wurzelraum verminderte die 15N Aufnahme in Mais drastisch.

Eine hohere 15N Aufnahme in mykorrizierten Mais hatte eine Entleerung des

15N im Hyphenraum zur Folge. Aus den Untersuchungen mit organischem 15N

geht aber nicht eindeutig hervor, ob Mykorrhizahyphen fahig sind N effizienter

aus einer organischen N-Quelle zu nutzen als die nicht mykorrhizierten Wurzein.

In einer Serie von Experimenten mit 15N angereicherten N-DGnger und 15N2
wurde der Transfer von N von einer Leguminose zu Nichtleguminosen mittels

Myzel der arbuskularen Mykorrhiza untersucht. Trotz einer wurzelfreien Zone

zwischen den Pflanzenkompartimenten, waren Mykorrhizabrucken ein

Hilfsmittel, urn 15N von einer Leguminose zu einer Nichtleguminose zu

transportieren. Ein Transfer von symbiontisch fixierten N von Klee zu Mais, die

durch ein gemeinsames AM Myzel miteinander verbunden waren, fand statt,

nachdem die Pflanzen mit 15N2 begast wurden. Der auf diesem Wege

transferierte N war gering (weniger als 4 % bezogen auf totaler 15N Gehalt) und

wird kaum von agronomischer Bedeutung sein. Die Richtung und das Ausmass

eines N-Transportes zwischen Pflanzen via Mykorrhizahyphen ist

wahrscheinlich durch ein physiologisches Ungleichgewicht der Pflanzen

determiniert.

Die hier vorliegende Arbeit zeigt, dass arbuskulare Mykorrhizapilze in

nahrstoffarmen Boden die N-Versorgung der Wirtspflanze mittels N-Transport

der Hyphen verbessern und symbiontisch fixierten N von einer Leguminose zu

Nichtleguminosen transportieren. Der Pilz ist im weiteren fahig einen N-Verlust

aus der Wurzelzone durch eine effiziente Entleerung von N im Boden und durch

vorubergehende Fixierung von N in der Biomasse zu reduzieren.
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1. INTRODUCTION

One of the foundations of any successful agricultural system is that it must be

sustainable, that is the outputs of nutrients in both agricultural products and

unwanted losses must be balanced by inputs (TAC, CGIAR, 1988). In this way,

productivity can at least be maintained at a constant level, providing food,

income and security to the farmer. In intensive agricultural management, plant

productivity has been "sustained" by huge chemical inputs.

Nitrogen, though one of the most common elements on the earth, is the key

substance that limits the primary productivity of crop plants in most parts of the

world (Lewis, 1986). This is because most biological systems are unable to

utilize the inert dinitrogen molecule, which covers about 80 % of our air

atmosphere. Only 0.0025 % of world nitrogen is present in combined form which

is available for biological use (Lewis, 1986).

Nitrogen fertilizers have greatly improved the crop yield, especially in the

industrial nations. The production of fertilizers costs a lot of energy and for many

developing countries such a form of agriculture is too expensive, as they have to

import the fertilizers. Even more than 50 % of fertilizer N applied in crop fields is

lost by leaching and volatilization (Newton and Burgess, 1981).

The efforts of the agricultural research in the last decade are concentrated on the

development of improved crops and of biologically based crop production

systems. It is recognized that, on a long-term basis, only via biological

technologies can soil productivity be maintained and/or increased and that in

this way food can be produced at lower costs per unit. To decrease the absolute

amount of fertilizer needed, it is necessary to increase the efficiency of fertilizer N

use by crops. This will lower the cost of production and at the same time reduce

the nitrate pollution of ground water, which is a growing problem in industrial

countries.

About 20 years ago, it was demonstrated that arbuscular mycorrhizal fungi (AMF)

increase phosphorus (P) uptake (Mosse et al., 1973) and that they play a role in

uptake of other plant nutrients (Harley and Smith, 1983). These facts attracted

the interest of scientists from several agricultural disciplines. The importance of

this type of symbiotic fungal colonization for plant mineral nutrition, and more
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generally for plant health, makes it one of the potentially more useful biological

means of assuring plant production with a minimum input of chemicals such as

fertilizers or pesticides (Gianinazzi et al., 1989). Selection and application of

specially suitable fungi strains to cultural plants can significantly enlarge the

ecological amplitude of these plants, making them more resistant or speeding up

their growth and development. Moreover, it can lead to increased harvest yield.

Examples are known for maize and wheat (Daft and Nicholson, 1972), tomato

(Daft and Nicholson, 1969) and clover (Powell and Daniel, 1978).

1.1. Structure-functioning relationships of the mycorrhizal symbiosis

Arbuscular mycorrhizas (AM) are the most widespread type of root symbioses.

The term mycorrhiza has been adopted for many other mutualistic associations

between soil fungi and below-ground plant organs. The only common feature of

these diverse, sometimes highly specialized, mycorrhizal associations is the low

degree of pathogenicity exhibited by the fungus towards its host. In the AM, this

has led to complete dependence of the fungus on a living host and inability of

the fungus to grow on synthetic media (Mosse et al., 1981).

Agricultural, horticultural or fruit crops are commonly colonized by AM fungi,

except in some plant families (Chenopodiaceae, Cruciferae). In fact, about 80 %

of plant species can form AM in their roots with a relatively small number of

zygomycetous genera (120 described species) belonging to the Endogonaceae

family (Schenck and Perez, 1987). Fungi closely resembling actual AM fungi

have been found in underground organs of fossils of early land plants (Wagner

and Taylor, 1981), suggesting that roots and mycorrhizal fungi have evolved

together and are likely to have produced combinations best adapted for survival

within the biotic communities of their origin.

The mycorrhizal fungus biotrophically colonizes the parenchymatic root tissue,

forming intraradical aseptate hyphae, hyphal coils, highly-branched haustorium-

like intracellular structures termed arbuscules and, in some species, lipid rich

intracellular ovoid bodies called vesicles. During this process, several hyphae

proliferate in the soil and build up an extraradical mycelium, which may extend

distances up to 11 cm from the root system (Li et al., 1991a), and forming a

dense network (Newman, 1988). It is widely accepted that such a hyphal network
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(Picture 1) associated with the roots of a living plant is capable of colonizing the

roots of other plants growing in its vicinity (Newman, 1988).

The chief benefits of the AM association to the fungal endophyte are an

abundant supply of carbohydrate from the host plant (Harris et al., 1985) and a

niche where it is protected from the microbial antagonisms of the soil. Contrary,

mycorrhizal colonization of roots often promotes increased plant nutrient uptake

and growth (Harley and Smith, 1983) and AM also play a role in the biological

nitrogen fixation of Rhizobium, biological control of root pathogens, and drought

resistance of plants (see Hayman 1983; Smith and Gianinazzi-Pearson, 1988;

Bethlenfalvay and Franson, 1990).

1.2. Significance of AM for plant N nutrition

Associations between AM fungi and plant roots make an important contribution

to plant nutrition (Picture 2). Already Frank (1885) has assumed that myorrhizal

fungi were supplied with carbon compounds by their hosts and that their hyphae,

which colonized the soil, aided the uptake of nutrients into both symbionts. This

enhancement is mainly attributed to the ability of the symbiotic fungus to

transport nutrients from the soil to plant roots by the extraradical hyphae which

can function as extensions of the host plant's root system (Read, 1984). The

fungal hyphae, because of their small diameter (< 10 urn versus > 20 u.m for a

root hair), also have access to small soil pores reaching microsites outside the

rhizosphere which are not accessible to the host (Harley and Smith, 1983). In

some soils, this should increase the available resources. This is particularly

important when considering the nutrition of plants for immobile nutrients such as

P (Nye and Tinker, 1977) as to the host plant (Jakobsen et al., 1992b).

Relatively little is known about the effects of the AM symbiosis on the N nutrition

of plants. N applications have been reported to both stimulate (Brown et al.,

1981; Hepper, 1983) and suppress root colonization (Chambers et al., 1980;

Azcon et al., 1982). Sylvia and Neal (1990) suggested that plant N stress, like P

stress, promotes root colonization by AM fungi. Johnson et al. (1984) concluded

that the form of N may profoundly affect colonization by AM fungi. In hydroponic

sand cultures they found the mycorrhizal colonization to decrease to a higher

extent by amending with NH4+-N compared to N03"-N.
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Picturel: The extraradical hyphae is forming a dense network and can link the roots of one

plant to those of another.

(fib*
Picture 2: Effect of inoculation with a AM fungus on the plant nutrition of maize. Plants were

grown under the same conditions in a two-compartment system (one for root growth

and one for extraradical hyphae only). Mycorrhizal maize: extraradical hyphae had

access to the hyphal compartment (left); non-mycorrhizal maize: no access to the

hyphal compartment (right).
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Reviews of the literature suggest that the function of AM fungi in plant N

acquisition is variable. Rhodes and Gerdeman (1980) stated that the N

contribution by AM to the host plant would probably be of little significance.

Nitrate is the principal N source in most agricultural soils and is transported to

the roots mainly by mass flow. Increased N content in arbuscular mycorrhizal

plants are occasionally observed in pot experiments (see Cooper, 1984).

However, mycorrhizal associations can be important factors influencing the N

nutrition of plants, particularly when the relatively immobile NH4+-N rather than

the mobile N03"-N is the major source of plant-available N (Smith, 1980; Bowen

and Smith, 1981). Nitrogen uptake by hyphae may be of special significance at

low pH when NH4+-N may constitute a significant proportion of the inorganic N

pool because of low rates of nitrification or under dry soil conditions when root

N03"-N upake is limited by impaired soil solution mass flow. The role of AM fungi

in N uptake or metabolism in plants is not clear, although Smith et al. (1985)

concluded that these fungi are able to assimilate ammonium via glutamine

synthetase. Uptake and transport of N via AM external hyphae have been

reported by Ames et al. (1983) and Johansen et al. (1992).

In addition to the uptake of N, the fact that a network of AMF extraradical mycelia

can link the roots of one plant to those of another (Newman, 1988) indicates that

mycorrhizal connections can act as bridges between individual plants, and thus

permit nutrient exchange (Francis et al., 1986). The impact of AMF-mediated

nutrient transfer on agriculture is limited at present, since the literature of multiple

cropping systems and that of legume crops (Giller and Wilson, 1991) has taken

little note of the existence of mycorrhizas. However, research on the tripartite

association between legumes, Rhizobia and AM fungi has obtained much

attention in the last decade and the findings on N2-fixing mycorrhizal legumes

were presented in detail by Barea et al. (1992). Legumes are important in mixed

cropping (Giller and Wilson, 1991). A key factor is the input of N from N2-fixation

by means of the legume-Rhizobium symbiosis. Biological N2 fixation is a

renewable resource which may allow decreased application of energy-rich

nitrogenous fertilizers. The fact that legumes are usually a component of mixed

cropping systems has to led a belief that N fixed in the root nodules may be

utilized by the associated crop (Haynes, 1980). This aspect has been studied in

mixed swards of clover and grass (Ledgard et al., 1985; Boiler and Nosberger,

1987; Ta and Fan's, 1987) and in mixed cropping (Giller et al., 1991). These are

mainly due to N transfer of symbiotically fixed N from the legume to the
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associated grass, either by direct release from nodulated legume roots or by

decomposition of dead nodule and root tissue (Vallis et al., 1967; Haynes, 1980).

Mycorrhizal involvement in improving N transfer from a legume to grass is a

controversial topic. Previous reports showed evidence for N transfer in the

presence of the fungus (Van Kessel et al., 1985; Haystead et al., 1988; Barea et

al., 1989; Bethlenfalvay et al., 1991; Hamel et al., 1991a), though the findings of

other researchers (O'Keefe and Williams, 1987; McNeill and Wood, 1990; Hamel

et al., 1991b) did not support this fact. Most of the studies dealing with

mycorrhiza-aided N transfer have involved either mycorrhizal or non-mycorrhizal

donor plants, and have been carried out in plant systems where roots were not

separated by an interposed compartment (Van Kessel et al., 1985; Haystead et

al., 1988; Barea et al., 1989; Hamel et al., 1991a). However, it has not always

been clear whether transfer has occurred via AMF hyphae, by diffusion or

through changes in root exudation. Furthermore, none of these studies had

demonstrated whether the transferred nitrogen in the non-legume was actually

derived from symbiotic N2 fixation by the legume. In order to maximize such

benefical associations and to reduce N fertilization it is important to identify the

pathways of N transfer.

1.3. Fungal biomass and nutrient immobilization

Fungal biomass in soil is the main component of the microbial biomass

(Parkinson, 1973) with mycorrhizal fungi comprising the major component of the

soil-inhabiting microflora (Hayman, 1978). Intraradical mycorrhizal fungi may

constitute up to 16 % of the root dry weight of white clover (Hepper, 1977) and

Kucey and Paul (1982b) estimated that attached hyphae represented 2% of the

total root biomass. The chitin-containing mycorrhizal mycelium (Weijman and

Meuzelaar, 1978) has a high requirement for N because chitin typically contains

6 % N (Leake and Read, 1990). Thus, the mycorrhizal biomass constitute a

considerable pool of immobilized N in the intra- and extraradical mycelium and

these symbiotic fungi may play an important role in N cycling through the uptake,

transformation and release of N contributing to a reduction of N leaching from the

root zone. Therefore, more knowledge of the mycorrhizal biomass and its N

immobilizing potential is required.
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However, the estimation of mycorrhizal biomass within colonized root tissue and

in soil is difficult to assess because complete separation and subsequent

analysis is often impossible (Picture 3). Microscopic examination of stained root

segments does not give accurate information about the fungal biomass present

within the roots. Similarly, the extent and development of the AMF extraradical

mycelia, the ion-uptaking fraction in the soil, is rarely studied owing to difficulties

in its extraction and identification, which make it difficult to find reliable estimates

of its biomass. Therefore, specific fungal components are required which serve

as indicators for mycorrhizal biomass in roots and soil. The use of root

colonization or spore numbers as AM fungal biomass tracers in the soil is open

to discussion. In fact, various authors have found poor correlations between

these parameters, as well as between these and mycelial length in soil. Abbott

and Robson (1985) reported that the length of extraradical AMF mycelium was

not related to root colonization. Douds and Schenck (1990) found no

relationship between spore content in soil and root colonization. Recently,

Vilarino and Arines (1992) presented data showing the lack of a relationship

between spore densities, root colonization, and mycelial lengths as affected by

plant treatment (clipping or burning). Their results suggest that mycelial growth

and spore formation might be independently controlled. Therefore, it seems that,

under field or even under laboratory conditions, the use of parameters such as

spore numbers and/or root colonization might be very poor measures of AM

fungal biomass in the soil.

Spores and mycelium are the main components of the AM fungal biomass in

soil. Although the spore is a dormant form in AM fungi, it is very often an

important fraction in natural soils. Therefore, as suggested by Parkinson (1973),

its contribution to the overall biomass should be taken into account together with

mycelial length. The determination of AMF mycelial lengths in soil using the

membrane-filter technique (Hanssen et al., 1974) or its further modifications

have been carried out both for AM and non-AM fungi. This method involves

microscopic examination of a diluted sample, a procedure which is very often

affected by operator experience, making chemical methods much more

attractive.
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Picture 3: The mycorrhizal fungus (blue stained) constitute a large biomass inside and outside

the roots.

Perhaps the most frequently used chemical method is chitin analysis (Hepper,

1977; Bethlenfalvay et al., 1982b). Chitin, a polymer of N-acetylglucosamine, is

the major cell wall component in most fungi (Bartnicki-Garcia, 1968), but there

are several problems when considering this substance as a fungal biomass

indicator such as interference from native amino sugars in the soil (Johnson and

McGill, 1990).

Ergosterol, a fungus-specific component associated with the cell plasma

membrane, is considered to be the principal sterol of many fungi (Weete, 1973).

This metabolite is an important constituents in cell membranes because it

controls permeability (Grunwald, 1971). By its structure and ambiphilic nature,

ergosterol increases the membrane microviscosity and modulates the activity of

membrane-bound enzymes (Tanford, 1987). The biosynthesis of ergosterol is

essential for maintaining normal growth and the physiological status of the

fungal cell (Peacock and Goosey, 1989). The sterols commonly present in plants

are B-sitosterol, campesterol and stigmasterol, whereas ergosterol is normally

not present (Weete, 1973). Ergosterol has been detected in tubers of Ophrys

lutea colonized with a mycorrhizal fungus (Barroso et al., 1987) and
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ectomycorrhizas (Salmanowicz and Nylund, 1988). Martin et al. (1990) recently

described an improved assay to determine ergosterol in ectomycorrhizas.

However, the determination of ergosterol in AMF mycelium has been very rarely

reported. This metabolite may be, as suggested by various authors, a good

biomass indicator of living mycelium (see Nylund and Wallander, 1992) and its

application to non-AM fungi is relatively frequent in the literature.

1.4. Concept and objectives of the present work

Arbuscular mycorrhizas are increasingly recognized to be a significant factor of

improved productivity also in modern agriculture, particularly for crops growing

under adverse environmental conditions or under stress. The mechanisms and

interactions by which mycorrhizal fungi are favouring growth and development of

plants are far from being elucidated. The overall objective of the present studies

was to gain a better knowledge of the significance of arbuscular mycorrhizas for

the processes of N cycling in the soil which could help to exploit their potential in

improving plant yield.

In a selected system of compartmentation of roots and hyphae and hyphae only

the following aims have been considered:

How much N is taken up from soil by the external hyphae

Do the external hyphae transport of N to the host plant

Do the external hyphae have an importance in inter-plant transfer of N

Do arbuscular mycorrhizas play a role in the N-balance of soil

Nitrogen is required by plants and organisms in considerably large amounts and

the supply of N could be suboptimal for plant growth in less intensive agricultural

management. It is therefore necessary to estimate the importance of AM fungi for

the N use by crops and for the contribution to the soil-ecosystem stability by

immobilizing N and reducing the loss of N from the root zone. Transport of N by

AMF hyphae to plants would reduce the input of expensive and energy-rich

nitrogenous fertilizers, which is a prerequisite to the development of low-input

agriculture.

In the first part (section 3.1), the aim was to elaborate biochemical parameters for

reliably determining mycorrhizal biomass and to estimate the N immobilizing
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potential of the symbiotic fungus in the soil. Data on mycelial biomass are

important for our understanding of the contribution made by AM fungi in the

temporary N immobilization to reduce loss of N from the root zone.

The estimation of mycorrhizal biomass within colonized root tissue and in the

soil is difficult to assess because of the lack of cultivating the fungi on an artifical

media and complete separation and subsequent analysis is often impossible.

Microscopic examination of stained root segments does not give accurate

information about the fungal biomass present within the roots. Therefore, specific

fungal components are required which serve as indicators for mycorrhizal

biomass in roots and soil. For this reason, experiments will be performed to

compare data obtained by microscopic estimation of mycelial lengths to those

data obtained using two chemical methods, chitin and ergosterol analysis:

The extraradical AMF mycelia will be collected using the extraradical

mycelium extraction (EME) technique (Vilarino et al., 1993). The EME

technique allowed easy collection of very clean material ready for chemical

analysis. The mycelia collected will be used for chitin and ergosterol

analysis and the mycelial length will be determined by microscopic

measurements.

The potential value of quantifying mycorrhizal fungi by biochemical

methods of roots in pot experiments has already been examined by Frey et

al. (1992). Gas chromatography-mass spectrometry was used to identify

ergosterol in mycorrhizal roots, and high performance liquid

chromatography proved to be a precise method for assessing the fungal

biomass in AMF-colonized roots.

In the second part (section 3.2), the aim was to examine the importance of the

extraradical AMF mycelia in the N acquisition of the host plant and the role of

interconnections in the N transfer from a legume to a non-legume. In order to

maximize such beneficial associations, it is important to study the pathways of N

transfer. The question was also adressed of whether AMF hyphae can mediate

the transfer of nitrogen originating from fixation by a legume to a non-legume.

This part provides data needed to understand the impact of AM in plant N

nutrition.
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Experiments will be carried out to demonstrate hyphal N transport.

-(1) to examine the ability of mycorrhizal hyphae to transport N-labelled

inorganic N to the host plant,

-(2) to compare the effectiveness of hyphae of three AM fungi in their N

transport to the host, and

-(3) to examine the ability of AM fungi to utilize two types of organic N.

15Nitrogen is used in the present work to demonstrate transport of soil N to

plants via extraradical hyphae of AM. Nitrogen has six istotopes, with mass

numbers from 12 to 17, and only two of them (14N and 15N) are stable. The ratio

14N/15N in natural materials is more or less constant, therefore, the use of N

compounds artificially enriched in 15N can be used as a tracer in soil fertility and

plant nutrition studies (Zapata, 1990). Furthermore, compartmentation of soil

volumes containing roots and hyphae and hyphae only will allow the hyphae to

be fed differentially from the roots. This hyphal buffer compartment is also used

to minimize the movement of the applied N source to roots by mass flow and

diffusion.

Experiments will also be performed to study the role of AMF bridges in the

N transfer from a legume to a non-legume. Different techniques will be used

to label the legume with 15N:

-(1) a split-root system will be employed in which half the root of the legume

was labelled with 15N,

-(2) 15N will be supplied by injection into the leaf petioles of the legume,

and

-(3) pulse labelling of the legume with 15N2

In order to minimize complications of mass flow and diffusion between roots, the

hyphal N transport between plants is studied in a system with the

compartmentation of legume and non-legume roots separated by a root-free

zone restricting root penetration by a fine mesh (Schiiepp et al., 1992). This set¬

up does not allow the roots to intermingle.

A possible role of AM fungi as agents for transfering symbiotically fixed N from a

legume to a non-legume in order to reduce N fertilization has been recently

shown by Frey and Schiiepp (1992, 1993a). The most satisfactory method for

determining the fate of fixed nitrogen in a legume is that which uses 15N-

enriched N2, since 15N detected in the legume is derived solely from N2 fixation
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(Ruschel et al., 1979). This method requires enclosure of the root system within

sealed growth chambers to get a 15N2-enriched atmosphere (Warembourg et

al., 1982; Giller et al., 1984).

All experiments will be carried out under laboratory conditions and thus, the

present work will reflect the mycorrhizal status of the plants under artifical

conditions. While it is possible successfully to manipulate mycorrhizal

assocations in experiments using controlled conditions in a glasshouse or

growth chamber, there may be difficulties when extrapolating results to field

conditions. In particular, it will be difficult to grow control plants without

mycorrhizas without changing many aspects of their physiology. It is expected

that in complex systems like in practical field conditions taking into account all

environmental parameters, agricultural practices, the genetic variability of the

mycorrhizal fungi and host plant would produce results that were highly variable

or difficult to interpret.

A growth medium low in N and P will be used in order to produce optimal

conditions for the symbiotic fungus to be very efficient in nutrient uptake. Evans

and Miller (1988) showed that the effects of mycorrhizas on P absorption and

plant growth of maize are usually pronounced at relatively low soil P levels

(NaHC03-extractable soil test P of 10-20 ppm). The level of N and P in soil is

one of the main factors to influence the degree of responses (Baath and Spokes,

1989; Sylvia and Neal, 1990), since mycorrhizas are particularly important in

natural and low-input ecosystems (Brundrett, 1991).

Part of this work is already published:

Frey B, Buser H-R, Schuepp H (1992) Identification of ergosterol in vesicular-

arbuscular mycorrhizae.

Frey B, Schuepp H (1992) Transfer of symbiotically fixed nitrogen from berseem

(Trifolium alexandrinum L.) to maize via AMF hyphae.

Frey B, Schuepp H (1993a) A role of AM fungi in facilitating interplant nitrogen

transfer.

Frey B, Schuepp H (1993b) Acquisition of nitrogen by external hyphae of

arbuscular mycorrhizal fungi associated with Zea mays L.
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2. MATERIAL AND METHODS

2.1. PLANT SPECIES

The test plants in this work were:

Berseem (Trifolium alexandrium L, cv. Landsorte)

Red clover {Trifolium pratense L.)

Sweet maize {Zea mays L, cv. Honeycomb-F1)

Apple (Malus x domestica Borkh.) collected from "Golden Delicious" fruits

Seeds were surface desinfected in 5 % sodium hypochlorite for 5 min, rinsed 3

times with sterile water and sown in moist, oven sterilized sand fertilized with 30

ml of 1/4 strength Hewitt's nutrient solution lacking P (section 2.6).

2.2. SOIL MIX

A sandy loam from a field plot at "Hessen" (Wadenswil) was used which had not

been fertilized for several years. The soil was sieved through a 2 mm mesh and

air-dried. After y-sterilization (10 kGy) the soil was combined 3:1 by volume with

sieved (<1mm), washed and autoclaved quartz-sand. After sterilization, nutrient

analysis of the final mixture gave the following characteristics:

Organic matter 3.5 %

Bulk density 1.35 g cm-3

pH (soil: water, 1:2) 7.1

NaHC03-extractable P (Olsen and Sommers, 1982) 9.0 \ig g-1

total N 0.24 %

NH4+-N (1 M KCI-extractable) 21 u.g g-1

N03--N 23 \xg g-1
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2.3. ORGANISMS

2.3.1. AM fungi

The following AM fungal isolates were used in this work:

Glomus intraradices Schenck and Smith

Gigaspora margarita Becker and Hall

Acaulospora laevis Gerdemann and Trappe

Glomus intraradices was isolated from a grass/clover field near Wadenswil and

identified by Dr. C. Walker (Forestry Commission, Edinburgh). Gigaspora

margarita was obtained from Dr. S. Gianinazzi, INRA, Dijon and Acaulospora

laevis was obtained from Dr. D. Hayman, Rothamsted, Harpenden.

The AM fungi were propagated on Zea mays or Tagetes sp. in a greenhouse for

3-4 months.

2.3.2. Rhizobium

The Rhizobium isolate used was Rhizobium leguminosarum bv. trifolii (strain

RCR 5) and was kindly supplied by Dr. U. Hartwig, ETH Zurich. It had been

originally isolated from Rothamsted Experimental Station, Harpenden.

Rhizobium was cultured on yeast mannitol agar (Vincent, 1970) and tested for its

ability to nodulate berseem.



19

2.4. INOCULATION

2.4.1. AM fungi

The AM fungal inoculum consisted of sand containing AMF-colonized roots of

Zea mays, or Tagetes sp. The roots were cut into 2 cm long segments, and then

mixed with sand containing spores and hyphae.

Mycorrhizal treatments received 20 g of inoculum mixed uniformly with the

growth medium. The non-inoculated control treatment received 20 g of

autoclaved inoculum together with a 2 ml aliquot of a filtrate (< 20 nm) of the AM

fungal inoculum to provide a general microbial population, but to exclude

indigenous AM fungi.

2.4.2. Rhizobium

The inoculum consisted of a dense suspension of Rhizobium leguminosarum

biovar trifolii in 1 % sucrose. The berseem seeds were inoculated with

Rhizobium for the first time at sowing. Then, the pre-germinated seeds were

submerged in this suspension before transplanting into the growth medium.

Thereafter, an inoculum (10 ml) of rhizobia was applied to the surface of the

growth medium three times at weekly intervals.

2.5. ROOT CONTAINERS (CUVETTES)

In order to study N transfer from a legume to a non-legume, a set-up similar to

that described in Schuepp et al. (1992) was used. The cuvette system had three

compartments (each 14.5 x 16 x 2 cm), two outer ones for root growth (one for a

legume and one for a non-legume) and a central one for hyphal growth only. For

compartmentalization a 40 \im nylon net (Zurich Bolting Cloth Mfg Co. Ltd,

Ruschlikon, Switzerland) was used which was previously shown to allow

penetration by hyphae while preventing penetration by roots.
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In order to set up a control treatment with a mycorrhizal legume, the 40 urn net of

the legume compartment was replaced by a membrane of 0.45 um pore size

(Millipore filter type HAWG04700). This membrane cannot be penetrated by

mycorrhizal hyphae as previously shown by Li et al. (1991b).

2.6. FERTILIZATION

The plants were fertilized with a Hewitt nutrient solution (Hewitt, 1966). The full

strength solution contained the following nutrients:

1) without P

KNO3

Ca (N03)2

MgS04
*

7H20

FeNa EDTA

MnS04
*

H2O

CUSO4
*

5H20

ZnS04
*

7H20

H3BO3

MoNa2
*

2H2O

Deionized water

2) with P

KH2PO4 0.44 10

g 100 ml"1 ml for 1 litre

3.03 10

7.08 20

1.84 20

0.25 10

0.25 1

0.24 0.1

0.42 0.1

1.86 0.1

0.035 0.1
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2.7. N-15 APPLICATION

All 15N reagents were manufactured by Isotec Inc., Miamisburg, USA and

purchased from Numelec SA, Geneva, Switzerland.

2.7.1. Inorganic 15N

Soil application

The labelled N was either supplied as 10 atom % (15NH4)2 SO4 (section 2.8.3,

expts 1 and 2) or as 50 atom % K15N03 (section 2.8.4, expt 1) in solution in

distilled water and was injected into the soil using a syringe.

Foliar application

The labelled N was supplied to the legume as 99 atom % K15N03 (section 2.8.4,

expt 2) in 10 uJ distilled water. The label was injected into leaf petioles of

berseem using a Hamilton syringe (F.Trefny, personal communication). The

application of 15N was carried out carefully to avoid contamination of soil and

non-legume plants with 15N-enriched solution.

2.7.2. Organic 15N

Plant material

15N-labelled plant material was obtained from previous experiments. The dried

and finely ground (<400 urn) plant material contained 1.7 % N with 1.65 atom %

15N excess.

Fungal material

15N-labelled fungal material was prepared after a modified method of Schniirer

and Rosswall (1987). Trichoderma harzianum was grown on malt extract agar

(Oxoid) until sporulation (14-21 d). A mycelium-free spore inoculum was grown
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in a modified Norkrans-medium (Norkrans, 1963) with 1.13 g (15NH4)2 SO4 (99

atom % 15N) at 20 °C on a rotary shaker for 50 d. The fungal tissue was then

collected, dried at 60 °C and finely ground. The concentrations of N and atom %

15N excess of the fungal material were 6.5 % and over 95 %, respectively.

2.7.3. Pulse exposure of 15N2

A total volume of 300 ml of 15N2 was applied per root container (section 2.8.4,

expt 3). A pulse consisted of 30 ml of 15N2 with 99 atom % 15N excess, supplied

by a glass syringe through a septum directly into the legume compartment.
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2.8 EXPERIMENTAL DESIGN AND PLANT GROWTH CONDITIONS

2.8.1. Identification of ergosterol in colonized roots with the AM

fungus Glomus intraradices

The objective of this experiment was to elaborate a biochemical parameter for

reliably determining mycorrhizal biomass in roots.

Trifolium alexandrinum and Zea mays were used as test plants. Seeds of both

were surface sterilized and germinated as described in section 2.1. Pots of 12

cm diameter filled with the soil mixture were seeded with these species. After

emergence each pot was planted with three sweet maize or eight berseem

plants, respectively. At planting, half the pots were inoculated with Glomus

intraradices and the other half of the pots remained uninoculated as described in

section 2.4.1. Berseem was not inoculated with Rhizobium. The treatments were

replicated four times.

The experiment was conducted in a growth cabinet (16 h day at 27 °C and 8 h

night at 18 °C, with supplementary light at a photon irradiance of 500 u,mol

quanta nr2 s_1 at plant height). The plants were watered daily with deionized

water. From the fifth week onwards 20 ml of a complete fertilizer solution (Hauert

Pflanzennahrsalz, Bern, Switzerland) at 1/ 10 strength was added weekly until

the end of the experiment.

The roots of the plants were harvested 20, 40, 60 and 80 d after the initiation of

the experiment. The root systems were cut into three zones, the zone close to the

shoot, the middle zone, and the zone at the bottom. Only the middle zone of the

roots was used for ergosterol analysis (section 2.10.1) and for determination of

mycorrhizal colonization (section 2.10.7).
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2.8.2. Chitin and ergosterol content in extraradical and

intraradical mycelium of the AM fungus Glomus intraradices

The objective of this experiment was to compare data obtained by microscopic

estimation of mycelium length in the growth medium to data obtained using two

chemical methods, chitin and ergosterol analysis.

Six 200 ml pots were filled with washed and heat-sterilized sand (200 °C for 12

h, 100 - 1000 u,m particle size and a pH of 8.4. Each pot contained two smaller

cylinders of 30 ml (3.0 cm diameter) referred to as "inoculum compartments" (IC)

filled with 20 mi of expanded clay (Lecca, 5-6 mm particle size) containing the

AM fungus Glomus intraradices. The inoculum was placed between two 5 mm-

deep layers of sand.

a

ihl&'Mjtefetl
.sftftftft$ftft$$$ft-
^^KWiWi
vxffimmb
w;;jv;?w;i»»,

vrnmzm

,

Sand layer

.Seeds

Inoculum in

expanded clay
0=5-6 mm

. Sand layer

-40 urn mesh

Inoculum compartment (IC)

Sand

(1OOO>0>1OOum)

Root free substrate (RFS)

Mycelium

Figure 1: Experimental design: (a) details of the inoculum compartments (IC) with a barrier to

roots (40 u,m) allowing mycelium to pass and (b) pots with inoculum compartments

(IC) containing roots and mycelium, and a surrounding root-free substrate (RFS)

containing mycelium only

The bottom of each IC had been previously removed and substituted with a 40

urn nylon net which previously had been shown to allow penetration by hyphae

while preventing penetration by roots. This design provided a root-free substrate

(RFS) surrounding the IC, designed to permit the spread of the extraradical AM

mycelium (Fig. 1).
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Six additional control pots were prepared as described above but using heat-

sterilized expanded clay supplied with an inoculum fitrate (section 2.4.1).

Each IC was seeded with 10 Trifolium pratense seeds deposited between the

upper layer of sand and the expanded clay. High plant density was previously

shown to result in a significant improvement of AMF mycelium growth. Red clover

was not inoculated with Rhizobium.

The pots were watered daily for the first 15 d after plant emergence with 10 ml of

distilled water applied to the IC only during . Afterwards, for a period of one

week, they were watered twice with 25 ml of 10 % Hewitt nutrient solution

(section 2.6.) containing 5 ug phosphorus ml-1 at pH 7.0 and supplemented with

0.5% of MES (2[N-morpholino]ethanesulphonic acid; Sigma). From the fourth

week, 50 ml of this supplemented nutrient solution were applied only to the

surrounding substrate once a week in order to stimulate the spread of the AM

mycelium in the RFS. The plants were grown in a greenhouse for 120 d at 20 °C

(thermal amplitude of 7±2 °C) with a 16 h light supplement provided by high

pressure sodium vapour lamps at a photon irradiance of 350 u.mol quanta nrr2 s-

1 at plant height. In addition to the nutrient solution, 25-35 ml of distilled water

were applied daily to the RFS.

No nutrient solution or distilled water was applied to the IC. The aim was to force

the fungus to direct its growth towards the RFS. Preliminary experiments had

shown that the MES buffer significantly promoted the growth of the extraradical

mycelium of Glomus intraradices and several other AM fungal isolates. A positive

effect of MES on hyphal growth from germinating spores of Glomus mosseae

had been reported by Carr (1991).

At the end of the growing period, the plants were harvested (section 2.9.1) and

subjected to the determination of AMF root colonization (section 2.10.7), and to

chitin (section 2.10.2) and ergosterol (section 2.10.1) analysis. Both the RFS and

the substrate inside the IC were subjected to the extraradical mycelium

extraction (EME technique, section 2.9.2) and the mycelium was analyzed for

chitin (section 2.10.2) and ergosterol (section 2.10.1) and the mycelium length

(section 2.10.6) were measured.
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2.8.3. N transport by extraradical AMF hyphae

The objective of these experiments were to examine if the extraradical mycelium

is of importance for the host plant N nutrition using two-compartment root

containers. Compartmentation of soil volumes containing roots and hyphae and

hyphae only allows the hyphae to be fed differentially from the roots. 15Nitrogen
as a tracer was placed in the hyphal compartment at a minimum distance of 5 cm

from the roots. Three experiments were conducted: (1) to examine the ability of

mycorrhizal hyphae to transport N-labelled inorganic N to the host plant, (2) to

compare the effectiveness of hyphae of three AM fungi in their N transport to the

host, and (3) to examine the ability of AM fungi to utilize two types of organic N.

Experiment 1 (a) and 1 (b): Inorganic 15N

The aims of these experiments were to determine whether mycorrhizal hyphae

could transport 15N-labelled inorganic N from the soil to the host plant

(experiment 1a), and if so, the time-course of the arrival of the 15N in the host

plant's roots and shoots (experiment 1b).

In experiment 1a the potential problems associated with physiological

differences between mycorrhizal and non-mycorrhizal plants were avoided by

the use of mycorrhizal controls in which the mycorrhizal mycelium was physically

disrupted repeatedly over the 15 d after 15N application. Thus, there were three

treatments: "I", non-inoculated control; "II", mycorrhizal inoculation; "III",

mycorrhizal inoculation with repeated disturbance of the external hyphae. There

were four replicates, giving a total of 12 containers.

Experiment 1b was conducted to determine the time-course of N transport using

treatments "I" and "II" only. Again, there were four replicates but these were

examined at 6 harvests, giving a total of 48 containers. The maize plants were

harvested 2, 6, 10, 15, 20 and 26 d after the addition of the 15N (section 2.9.1).
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The experiments were carried out using Zea mays as host plant. One seedling

was transplanted into a two-compartment system (Fig. 2), one for root and

adhering mycorrhizal structures (14.5 x 16 x 2 cm) and one for extraradical

hyphae in root-free soil (14.5 x 16 x 6 cm). The hyphal compartment was

separated from the root compartment using a 40 um nylon net as described in

section 2.5.

Root

compartment
with roots (I)
or root and

fungus (ll-lll)

^— 2 cm

15N

2 cm'

Hyphal compartment with bulk soil only
(I) or soil and external hyphae (ll-lll)

6 cm

Figure 2: Details of the two-compartment system to separate soil volumes for root and hyphal

growth used for studying of N by extraradical hyphae of arbuscular mycorrhizal fungi

associated with Zea mays. Arrow with dashed line indicates zone to which 15N was

added. Treatments were as follows (experiment 1). I, without fungus; II, external

mycelium, undisturbed; III, external mycelium, disturbed by a spatula at a distance of 4

cm from the root compartment.
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The root compartments were filled with 520 g of dry, sterilized soil mix (section

2.2), and the hyphal compartments with 1440 g. The AM fungus used was

Glomus intraradices. Inoculum procedures were the same as described in 2.4.1.

To measure the effect of hyphal disturbance on N transport in treatment III of

experiment 1a, hyphal connections in the hyphal compartment were severed by

completely cross-sectioning the hyphal compartment with a spatula at a distance

of 4 cm from the nylon net. The extraradical hyphae were severed immediately

before the 15N application was made and then on three subsequent occasions

at intervals of 4 d.

The plants were kept in the glasshouse with supplementary lighting for a 16 h

photoperiod from high pressure sodium vapour lights at a photon irradiance of

300 u.mol quanta nr2 S"1 at plant height. The temperature regime was 18-22 °C

(day) and 16-18 °C (night).

Mycorrhizal and non-mycorrhizal plants were given the same amounts of

deionized water and the water consumption of each container was determined

daily by weight. Deionized water was supplied only to the root compartment to

keep the soil water content slightly higher in the plant compartment than in the

hyphal compartment, but never above field capacity. The aim was to minimize

the flow of ions by mass flow and diffusion from the hyphal compartment to the

root compartment (Kothari et al., 1990). In the hyphal compartment the soil

almost reached field capacity, but only at the beginning of the experiment. In

order to reduce evaporation in the hyphal compartment, the soil surface outside

the root compartments was covered with aluminum foil.

From the fifth week onwards the plants were fertilized once a week with 20 ml of

1/4 strength Hewitt's solution (section 2.6) by omitting P for mycorrhizal plants.

Non-mycorrhizal controls received the same solution containing 20 mg I-1 P. The

containers were frequently rotated to minimize positional effects.

After the establishment of a hyphal network (48 d after planting), 15 mg of N were

applied to the hyphal compartment in the form of 10 atom % (15NH4)2 SO4.

(section 2.7.1). The labelled N was applied 5 cm from the root compartment. An

aliquot of 5 ml of solution was injected at each of 4 postitions in order to

distribute the label uniformly.
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Experiment 2: Effectiveness of three AM fungi in inorganic 15N

transport

This experiment was designed to determine whether different AM fungal isolates

differ in their efficiency to transport 15N-labelled inorganic N to the host. The

experimental design was similar in principle to that in experiment 1a (Fig. 2)

except that treatment III (disturbing the external hyphae) was omitted.

The three AM fungal isolates studied were: Gigaspora margarita, Glomus

intraradices and Acaulospora laevis (origin of the isolates see section 2.3.1)

Plants not applied with a mycorrhizal inoculum were included as controls. The

inoculum procedure was the same as described in section 2.4.1. The

experiment, therefore, contained four inoculation treatments (three fungi plus a

control).

The same procedures were used as in experiment 1 of this section. The root

compartments contained, however, two maize seedlings and the test soil was not

mixed with quartz sand (section 2.2.). There were four replicates in each

treatment. The experiment was carried out in a growth chamber with a

temperature regime of 25/ 20 °C (day/ night) and a 16 h photoperiod at a photon

irradiance of 400 |imol quanta nr2 s-1 at plant height.

After 48 days of growth the 15N-labelled solution was added as described in

experiment 1. (15NH4)2 SO4 with 10 % 15N-enrichment was applied at a rate of

25 mg N container1. The plants were harvested 62 d after planting.
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Experiment 3: Organic 15N

The aim of this experiment was to assess the effect of AMF hyphae on the

utilization of organic N by the host plant. At the beginning of the experiment the

root-free soil compartment of both mycorrhizal and non-mycorrhizal plants

received organic N as either 15N-enriched plant material or as 15N-enriched

fungal tissue.

The experimental design and conditions were the same as for experiment 2, but

different inoculation treatments were used. Root compartments with maize (two

seedlings per compartment) were either inoculated with a AM fungus (+M) or

used without inoculation (-M). The fungus used was Glomus intraradices. The

inoculum procedure was the same as described in 2.4.1 and there were four

replicates per treatment. The hyphal compartments in both treatments received

an additional microbial population as a 2 ml aliquot of a filtrate (< 20 u.m, section

2.4.1) of the AMF inoculum to assure a proper degradation of the applied organic

material.

The 15N-labelled source was uniformly mixed either as plant material (1.11 g

each replicate) or as fungal material (0.35 g each replicate) with the

corresponding soil. Preparation of the organic 15N source was described in

section 2.7.2. Figure 2 shows the zone of the hyphal compartment to which the

organic 15N source was applied. The design of the compartment system was the

same as that used for experiments 1 and 2, but because the 15N was not applied

in solution and therefore could not be injected, the zone extending up to 4 cm

from the root compartment was filled first with the growth medium, and then the

final 2 cm section of the hyphal compartment was filled with a mixture of growth

medium and 15N-labelled plant material using the method of Schuepp et al.

(1992). This prevented mixing of 15N-labelled soil with unlabelled soil in the

main part of the hyphal compartment adjacent to the root compartment.

The plants were maintained in the growth chamber under the same conditions

as described for experiment 2. The watering regime and fertilization for

mycorrhizal and non-mycorrhizal treatments were the same as those in

experiment 1. The plants were harvested after 84 d of growth.
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2.8.4. The role of AMF bridges in interplant N transfer

The objective of these experiments were to assess the effect of AMF hyphae on

N-transfer from the legume berseem to the non-legumes maize or apple

involving compartmentation of legume and non-legume roots, and also of

associated mycorrhizal hyphae. In the first experiment a split-root system was

employed in which half the root of the legume was labelled with 15N. In the

second experiment 15N was supplied by injection into the petioles of the legume.

In the third experiment the question was adressed of whether AMF hyphae can

mediate the transfer of nitrogen originating from fixation by a legume to a non-

legume. This study involved pulse labelling of the legume with 15N2-

Experiment 1: Split-root application of 15N

The split-root experiment was conducted in root containers which allowed

compartmentation of roots and hyphae (section 2.5). The root-free soil zone was

3 cm wide. The root compartment of the legume consisted of two 2-cm-thick

compartments with a solid plate as a barrier between the two parts of the split-

root system. Three treatments according to Figure 3, two mycorrhizal ones with

(treatment II) and without (treatment III) a membrane restriction as described in

2.5 and a non-mycorrhizal one (treatment I), were established. The root

compartments were filled with 570 g of dry, sterilized soil sand mixture (section

2.2), and the root-free soil compartments with 721 g of the mixture.

Trifolium alexandrinum and Zea mays were used as test plants. Seeds of both

were surface sterilized and germinated as described in section 2.1. At sowing,

berseem was inoculated with Rhizobium (section 2.4.2). 20 d old berseem plants

were large enough to be transferred to the split-root units.
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Berseem Maize

N-15

Root only (I) or
root- fungus
(II and I

Root-free zone

(I, II) or fungus
(«D

Root only (I, II)
or root- fungus
(III)

Figure 3: The cuvette-membrane system in experiment 1 used for studying 15N-transfer

between berseem (Trifolium alexandrinum) and maize (split-root experiment). Plant

compartments were separated from the 3-cm-thick root-free zone by a 40 u.m nylon

net which restricted root growth. 15N was applied to the outer (A) compartment of

the divided root-system of the legume. The experimental design was as follows: I,

Non-mycorrhizal T.alexandrinum, non-mycorrhizal Z.mays; II, Mycorrhizal T.

alexandrinum. AMF confined by a 0.45 u.m membrane, no colonization of Z.mays;

III, Mycorrhizal T.alexandrinum: AMF growing through root-free zone and

colonizing Z.mays.

At transplanting, the root system of each plant was divided in half along its length

and placed in a plastic Y-tube (Fig. 3) to protect the roots from evaporation and

damage. The main root was placed down one side and the oldest lateral roots

were placed down the other. The tube was then filled with the soil mixture and
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two seedlings were replanted with their divided root systems in the appropriate

sections of the split-root compartment. Leakage and contact between soil and

water from each section were avoided.

At transplanting the inner (B) root compartments of berseem (Fig. 3) were

inoculated with the AM fungus Glomus intraradices (treatments II and III) or left

uninoculated (treatment I) as described in section 2.4.1. There were six

replicates of each treatment.

35 d later two pre-germinated maize seedlings were planted into the other outer

compartment. The berseem plants were all fertilized at 35, 39 and 43 d after

transplanting with 20 ml of a 1/4 strength Hewitt's solution containing P applied

to the outer (A) compartment. The non-legume received no fertilizer throughout

the experiment.

The experiment was carried out in a greenhouse between January and April. A

16 h photoperiod was provided by supplemental high pressure sodium vapour

lamps at a photon irradiance of 350 u.mol quanta nr2 S"1 at plant height

throughout the 77 d of the experiment. The mean glasshouse temperature

regime was 23 °C during the day and 18 °C at night. The pots were watered

daily to field capacity with deionized water. The cuvette systems were frequently

rotated to minimize positional effects.

16N labelling of berseem was initiated 50 d after transplanting. 2.44 mg of 15N

were injected as 50 % enriched KN03 in 20 ml distilled water (section 2.7.1) into

the outer (A) root compartment. A second application was made one week after

the first application. Additional root containers were held without 15N labelling of

berseem for the determination of the natural abundance of 15N in berseem and

maize tissue. Plants were harvested 28 d after initation of 15N labelling.
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Experiment 2: Foliar application of 15N

Trifolium alexandrinum and apple were used as test plants. Seeds of both were

surface sterilized and germinated for 20 d as described in section 2.1. At sowing,

berseem was inoculated with Rhizobium as described in section 2.4.2.

The root container was similar to that shown in Figure 3 except in the outer (A)

compartment. The root container consisted of three compartments, two outer

ones for root growth and a central one for hyphal growth only. A control treatment

with a mycorrhizal legume (treatment II) was established as decribed in 2.5. The

size of the cuvette sections and the quantities of soil mixture used were the same

as in experiment 1 of this section.

Pre-germinated seeds of apple and berseem were then transplanted into the

appropriate root compartments. Each plant compartment contained two plants.

The legume was inoculated with Glomus intraradices (treatment II and III) or left

uninoculated (treatment I) as described in section 2.4.1. There were 3 treatments

with six replicates each, giving a total of 18 root containers.

The berseem plants were all fertilized at 36, 40 and 44 d after transplanting with

20 ml of a 1/4 strength Hewitt's solution containing P. The non-legume received

no fertilizer throughout the experiment. Greenhouse conditions and watering

were the same as in experiment 1 of this section.

51 d after initiation of the experiment, 0.1 mg of 15N as 99 % enriched KN03 in

10 |il distilled water were injected as described in section 2.7.1. This injection

was repeated daily for 10 d with the addition of 100 u.g of 15N on each occasion.

Additional root containers were held without 15N labelling of berseem for the

determination of the natural abundance of 15N in the plant material. The plants

were harvested 17 d after the last 15N application.
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Experiment 3: Labelling with 15N2

The root containers (Fig. 4) were similar to those described in section 2.5. Each

compartment was filled with 588 g of dry, sterilized quartz sand. The growth

medium which was washed prior to sterilization at 120 °C for 1 h was chosen to

ensure good gas diffusion.

Berseem Maize

Fungus-root
zone (II, III)
or sand only (I) j

Root-free

zone. Sand

(I. ID or

fungus (III)

Root (I, II) or

fungus-root
zone (III)

Gas outlet

Plastic bag

Figure 4: Diagram of the root containers used in the experiment for exposure to a 15N2-

enriched atmosphere. A 2-cm-wide root-free central compartment was interposed

between the Trifolium alexandrinum and Zea mays. Both plant compartments were

separated from the central zone by a 40 nm net, used to restrict root growth. The

experimental design was as follows: I, Without 7. alexandrinum: Z. mays without

AMF; II, Mycorrhizal T. alexandrinum : AMF confined by 0.45 u.m membrane in

addition to 40 u.m net surrounding legume compartment; III, Mycorrhizal T.

alexandrinum: AMF growing through root-free zone.
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Trifolium alexandrinum and Zea mays were used as test plants. Seeds of both

were surface sterilized and germinated as described in section 2.1. Berseem

was inoculated with Rhizobium as described in section 2.4.2. Four pre-

germinated berseem seeds were transplanted into one of the outer sides of the

cuvette system. At transplanting all plants of berseem were also inoculated with

the AM fungus Glomus intraradices (section 2.4.1).

Five weeks later, two pre-germinated maize seedlings were planted into the

other outer compartment (Fig. 4). A control treatment consisting of maize alone

was also prepared in order to have an appropriate measure of the N2 fixation

due to the free-living N2-fixing microorganisms in the non-legume compartment.

An inoculum (20 ml) of a 20 um filtrate containing microorganisms other than the

AM fungus was applied to maize controls to ensure the presence of the same

microbiota in all treatments. There were four replicates per treatment.

The experiment was carried out in a growth chamber with a temperature regime

of 22/16 °C (day/ night) and a 16 h photoperiod at a photon irradiance of 400

umol quanta nrr2 s"1 at plant height. Plants were watered every day with

deionized water. Berseem was fertilized twice a week with 1/4 strength Hewitt's

nutrient solution (section 2.6) containing 10 mg P I"1. Three weeks after

transplanting, a nitrogen-free nutrient solution was given to the berseem plants

until the end of the experiment. Maize, however, received the 1/4 strength

Hewitt's nutrient solution throughout the entire experiment. The root containers

were frequently rotated to minimize positional effects.

The root containers were sealed in plastic bags (270 x 400 mm), allowing the

aerial parts of the plants to remain in contact with air (Fig. 4). The feasibility of

using plastic bags for assaying the N2 fixation was examined by Burris (1974). A

possible disadvantage is that plastic bags can be permeable to gases during

incubation. After testing different bags in preliminary experiments, in this study

we used a plastic bag laminated with aluminium (polyester 12 um, aluminium 12

um, polyethylene 100 um) purchased from ELAG AG (Kirchberg, Switzerland).

This material has a low permeability to gases. A plexiglas sheet (130 x 300 mm)

was placed over the top of the cuvettes with apertures for the aerial parts of the

plant which were hermetically sealed using a grafting tree wax (Gaschell, Maag,

Dielsdorf, Switzerland). The plastic bags were sealed together with a flexible

tape to enclose the root containers. Plants were left untouched for 24 h before
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the onset of the labelling period to allow recovery from mechanical disturbance

during those procedures. Total volume in the enclosed chamber was determined

in extra containers by weighing, after displacing the air with water. Plants were

watered every day during labelling by an access tube inserted into the top of the

soil (Fig. 4).

Pulse exposure of the roots to 15N2 as described in section 2.7.3 was initiated 63

d after transplanting berseem plants into the root containers. A gas inlet with a

septum was inserted in the plastic bags, after which samples were removed at

intervals with a 20 ul hypodermic syringe (Hamilton) and immediately injected

into a storage syringe or into the mass spectrometer (section 2.10.4). Gas

samples stored in the glass syringe were sealed with silicone rubber to prevent

leakage. 02 was maintained at 20 % (v/v) in the root containers by addition of 02

if needed. Availability of O2 at the site of N2 fixation has been suggested as a

main factor limiting nitrogenase activity (Hartwig et al., 1987).

After 5 d exposure to 15N2, the bags were removed. Additional root containers

were harvested before 15N2 labelling for determination of the natural abundance

of 15N in plant material and of nodulation in berseem (2.10.5). Plants were

harvested 21 d after the last 15N2 application.
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2.9 HARVEST PROCEDURES

2.9.1. Plants and soil

Pot experiments

At the end of the growing period, the plants were harvested and the shoot dry

weight was determined after drying in an oven for 48 h at 70 °C. The roots were

thoroughly washed with distilled water and a weighed subsample was used for

the determination of AMF root colonization (section 2.10.7), and for chitin

(section 2.10.2) and ergosterol analysis (2.10.1). The rest of the plant material

was dried at 70 °C for 48 h and weighed.

Root container experiments

Soil samples were removed at harvest using a soil corer (1 cm diameter x 6 cm

depth) for measurement of hyphal lengths and N analysis in soil. Duplicate soil

cores were taken inside root compartments and were pooled. Three replicates of

each distance were carried out for sampling from the hyphal compartment

representing 1, 3, 5 cm distance from the nylon net. Cores from each distance

were pooled. All the soil samples were air dried. Subsamples from the air-dried

soil were used for determination of hyphal lengths (2.10.6) and total N and 15N

(section 2.10.3). The soil was sieved through a 315 um mesh prior to N analysis.

After the soil cores had been taken, the cuvette holders were removed in order to

separate root, hyphal and bulk soil compartments and the plants were harvested.

The roots were carefully washed to remove any contaminating traces of enriched

15N. Before the root material was dried, a weighed subsample from each root

compartment was taken to determine AM fungal colonization (section 2.10.7).

The plant components were dried at 70 °C for 48 h and weighed. Shoots and

roots were finely ground using a cyclone mill and analyzed for total content of N

and 15N (section 2.10.3).
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2.9.2. Extraradical mycelium extraction (EME technique)

Both the root free substrate and the substrate inside the inoculum compartments

(section 2.8.2) were subjected to the extraction of extraradical AMF mycelium by

the extraradical mycelium extraction (EME) technique (Vilarino et al., 1993)

improved by using 6 wires instead of 4 wires as originally described. Most of the

mycorrhizal mycelium present in the sample was extracted by this method. For

this purpose, portions of approximately 100 g of fresh root-free substrate from 2

pots were washed through a 350 um sieve with tap water, and collected in 500

ml jars. The EME was run 3 times per sample, at 720 rpm for 7 min each. The

mycelium entangled on the wires was washed off with Ringer saline solution into

a 2 I container, where the mycelium extracted from every 2 pots was pooled as a

single replicate. Finally, the mycelium collected was gently shaken by hand,

passed through a 100 um sieve to exclude sand particles, and stored at 5 °C in

darkness up to 3 d in 200 ml sterilized Ringer saline solution before analysis.

A similar procedure was followed for collecting mycelium from the IC substrate,

the only difference being the use of a sequential and forced sieving through 100,

80 and 40 um nylon sieves with the aid of a 50 ml syringe with a 4 mm calibre tip.

This treatment allowed the exclusion of sand particles and debris, including the

large number of root fragments which resulted from the extraction of mycelium by

the EME technique.

A 500 ml aliquot of the mycelium collected by the EME technique was analyzed

for chitin and ergosterol content (three replicates per chitin or ergosterol content).

The resting material was pooled in a 6 I container from which different volumes

were randomly taken to give different mycelial lengths (262, 360, 453, 577 and

952 m) with the aim to achieve a relationship between ergosterol or chitin

content, and hyphal lenghts. Each mycelial sample containing a known hyphal

length was placed on a 0.45 um membrane filter to remove the Ringer solution,

quickly washed using 300 ml distilled water, collected in 80 ml ethanol, and

sonicated at 50 Hz for 30 min at 4 °C (Elgasonic Blc-5) before the chitin (section

2.10.2) and ergosterol analyses (section 2.10.1) were carried out (no replicates

per mycelial length).
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2.10. ANALYSIS

2.10.1. Determination of ergosterol

Ergosterol was determined in fresh material (roots or mycelium) by isocratic high

performance liquid chromatography (HPLC) separating this metabolite from

other components present in the final extract using a reverse-phase-Cis column.

Extraction of sterols

Samples of 2-5 g fine fresh roots, corresponding to 0.2-0.3 g dry weight, were

saponified in 25 ml 95% ethanol and 25 ml 10% KOH by refluxing for 30 min,

then cooled and diluted by adding 50 ml H2O. The solutions were extracted

three times with 20 ml n-hexane. The n-hexane-extracts containing the sterols

were evaporated to dryness at a temperature not exceeding 40 °C. Care was

taken not to expose the samples to excessive light, particularly not to sunlight.

The residues were redissolved in 2 ml n-hexane/ i-propanol (97:3, v:v) and

filtered through a 0.45 um membrane (Millipore filter, Macherey-Nagel,

Oensingen, Switzerland) mounted on the tip of a syringe. The filtered solutions

were evaporated to dryness and the residues redissolved in 0.5 ml i-propanol.

Aliquots of 20 ul were used for the determination of ergosterol by high

performance liquid chromatography (this section). For the mycelium collected by

the EME technique (section 2.9.2) the same procedure as described for roots

was employed.

The extracts for HPLC were also subjected to gas-chromatography-mass

spectrometry (this section) to verify the identity of the peak corresponding to

ergosterol. For this purpose the solutions were concentrated to dryness and

reconstituted in 0.5 ml n-hexane. Aliquots of 0.5-1 ul were used for the analysis.

High performance liquid chromatography of sterols

The chromatographic conditions were similar to those described by Zill et al.

(1988) with some modifications. A reverse-phase column (125 x 4 mm) with 5 um

Cis-silicagel (Nucleosil C-18, Macherey-Nagel) was operated under isocratic
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conditions with methanol/ water (97:3, v:v) and a flow rate of 1.0 ml min-1. The

solvent delivery system was a Waters Associates pump (model M 6000)

(Volketswil, Switzerland), the ultraviolet detector was also from Waters

Associates (model 440) and operated at 280 nm (sensitivity E = 0.05,

absorbance unit). Under these experimental conditions the retention time of

ergosterol was about 8.5 min. The identity of the presumed ergosterol peak was

checked by co-chromatography with pure ergosterol (external standard

procedure). A calibration curve was established for quantification of ergosterol

concentrations in the extracts. Results are reported in ug ergosterol per g dried

root material. The detection limit for root extracts was estimated at 0.1 ug 0.5 ml"1

extract, corresponding to 0.3-0.5 ug g_1. For mycelium extracts the sensitivity of

the uv detector was increased to E = 0.02 and results are reported in ng

ergosterol per m mycelium length.

Ergosterol and several phytosterols (campesterol, stigmasterol, 6-sitosterol,

campesterol and cycloartenol) were obtained from commercial sources (Fluka,

Buchs, Switzerland). Ergosterol was purified by recrystallization from i-propanol

and standard solutions of ergosterol at 0.1-20 ug 0.5 ml"1 were prepared in i-

propanol for high performance liquid chromatography.

Gas chromatography-mass spectrometry of sterols

A VG Tribrid double-focusing magnetic-sector hybrid mass spectrometer (VG

Analytical, Manchester, England) operating in the electron ionization (70 eV, 180

°C) mode was used. Electron ionization mass spectra (m/z 35-535) were

recorded (1.16 s scan-1) at a resolution of 500. A Carlo Erba model 5360 gas

chromatograph (Brechbuhler AG, Schlieren, Switzerland) with a 25-m SE 54

high-resolution fused-silica (0.32 mm inside diameter) column was used and

programmed for 60 °C, 2 min isothermal, 20 °C min"1 to 200 °C, then at 8 °C min*

1 to 280 °C, followed by an isothermal hold at this temperature. The samples

were injected on column at 60 °C. Mass chromatograms at specific m/z values

were recorded after the acquisition of data. Sterols were identified by comparing

the recorded mass spectra with those of reference compounds and those listed

in other studies (Brooks and Middleditch, 1973).
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2.10.2 Determination of chitin

Chitin was analyzed according to the method described by Bethlenfalvay et al.

(1982b). The chitin content in samples of 15-30 mg dry roots and in samples of

the mycelium collected by the EME (section 2.9.2) was determined

spectrophotometrically as equivalents of glucosamine (Ride and Drysdale, 1972)

after deacetylation of the chitin in 120 % (w/v) KOH at 130 °C for 40 min,

deamination in nitrous acid and reaction between the aldehyde groups

produced with 3-methyl-2-benzothiazolone hydrazone hydrochloride (MBTH;

Sigma). Chitin was determined as glucosamine x 2.67, this factor being

determined by the incomplete chitin digestion of 36-37 %. Standard absorbance

curves were constructed using glucosamine hydrochloride, taking into account

the contribution of hydrochloride to the molecular weight. Average values of

chitin in non-colonized roots (controls) were substracted from the chitin value of

each replicate of colonized roots.

2.10.3. Determination of N and 15N

The following two different methods were used for the analysis of total N and 15N

enrichment in plant and soil samples:

C/N Analyzer

The N content was measured on duplicate subsamples (4-6 mg dry weight of

sample) with an automatic analyzer (Carlo Erba model 1500 N, Milan, Italy) and

15N enrichment was determined using a mass spectrometer (VG Isogas model

MM 622, Cheshire, UK).

Kjehldahl

Plant or soil samples (250-500 mg dry weight) were digested with H2SO4 in

salicylic acid. This also allowed digestion of nitrate. The digests were analyzed

for total N concentration by steam distillation (Bremner and Mulvaney, 1982). To

avoid cross-contamination, 20 ml of ethyl alcohol were distilled between each

sample. The distillate was then acidified to pH 4 and dried, NH4+ was converted

to N2 using lithium hypobromite in a degassed Rittenberg tube (Porter and
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O'Deen, 1977), and atom % 15N was determined by mass spectrometry

(Consolidated Nier, modified by Eidgenossisches Institut fur Reaktorforschung,

Wurenlingen, Switzerland).

Samples from plants not supplied with 15N were also analyzed to provide

background 15N concentrations (natural abundance). Atom % 15N excess was

calculated by subtracting the natural abundance of 15N in unlabelled plant

material from atom % 15N.

2.10.4. Mass spectrometry of incubation gases

Analysis of the incubation gases (section 2.8.4 expt 3) was performed on a VG

Tribrid double focusing magnetic sector hybrid mass spectrometer (VG Analytical

Ltd, Manchester, UK) operating in the electron ionization (El, 70 eV, 180 °C)

mode. The gas samples were injected through the septum-inlet of the gas

chromatograph and swept into the mass spectrometer with He as carrier gas via

a 25 m SE 54 fused silica (0.32 mm i.d.) column. The column was kept at room

temperature and served only as a gas inlet. No separation of sample

components occurred. Analysis was carried out by selected ion monitoring (SIM;

0.5 s/ scan) at m/z 28, 29, 30 corresponding to nitrogen, 32 and 44

corresponding respectively to O2 and CO2. For quantification, signals were

compared to those of standard 15N2-gas (99 atom % 15N excess) and ambient

air. Precision of this method is ± 5 % rel. error.

2.10.5. Nodulation

The number of nodules on the main and lateral roots of berseem were counted

by direct observation using a dissecting microscope at 25-30 x. Nodule dry

weight was determined by weighing 40 nodules per plant.
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2.10.6. Quantification of AMF mycelium

Determination of mycelium length

The length of hyphae in the soil was measured by the membrane filter technique

(Hanssen et al., 1974). Following this technique, the dried soil sample was

stained for 15 min with 0.1 % Trypan blue in lactic acid-glycerol-water (4:2:1) at

90 °C with stirring. After 1/500 dilution of the soil with water, a 20 ml sample was

taken using a syringe with a 4 mm calibre tip and filtered by vacuum through a

0.45 um nitrocellulose membrane filter (Millipore / type HAWG04700) with a

gridline scored on its surface. The filters were observed under a microscope at x

200 and the number of interceptions between hyphae and the gridlines were

counted. The conversion from interception numbers to hyphal length was carried

out using Newman's (1966) formula. The length of AMF mycelium was recorded

as m g_1 dry soil. The hyphal background in hyphal compartments of non-

mycorrhizal plants was substracted from the values found in the hyphal

compartment of mycorrhizal plants.

To quantify the length of AMF mycelium collected by the EME technique, 20 ml of

mycelia in Ringer solution (see 2.9.2) was mixed with 5 ml 0.1 % (w/v) trypan

blue in lactoglycerol, heated and filtered through the membrane filter. The

number of interceptions between mycelium and the gridlines was counted as

described above.

Viability of the AMF myceliium

Twenty ml of mycelia in Ringer solution collected by the EME technique (section

2.9.2) was used to assess the metabolic activity of the fungal hyphae in a

solution containing iodonitrotetrazolium (INT) as reported by Sylvia (1988). The

percentage of metabolically active hyphae (purple/ red) was determined by the

gridline intersect method (Ambler and Young, 1977)
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Determination of mycelium dry weight

Mycelial sonification (section 2.9.2) and its digestion for chitin analysis (section

2.10.2) completely destroyed the physical integrity of the mycelium. This,

together with low mycelium lengths in most samples prepared for analysis,

prevented the weighing of the collected mycelium from the RFS (2.8.2).

Therefore in order to obtain a tentative estimate of the mycelium dry weight, we

used the conversion factor that can be deduced from data reported by Vilarino et

al. (1993) for Glomus occultum which had similar hyphal morphology and age (4

months). To complete the conversion factor, we assumed a theoretical water

content in the mycelium of about 85 % according to the general assumptions

made by Van Veen and Paul (1979), Frankland et al. (1981) and Kucey and Paul

(1982b). These factors resulted in a value of 3.835 x 10-6 as a useful conversion

factor to convert mycelium length (in m) to mycelium dry weight (in g).

2.10.7. Estimation of AMF colonization

Before drying the plant material, a subsample from each root was stained with

acid fuchsin in lactic acid (Kormanik et al., 1980) or with trypan blue (Phillips and

Hayman, 1970) to determine AMF colonization. The latter method showed an

increased clearness for arbuscules. The percentage of mycorrhizal colonization

(as percent of total root length) was obtained by the gridline intersect method

(Ambler and Young, 1977) observing 200 root-intersections to obtain an error

below 3 % (Giovannetti and Mosse, 1980).

2.11. Statistical analysis

Normality of the data was tested by using the Kolmogorov-Smirnov test. The data

were then subjected to analysis of variance for a fully randomized design using

the statview programme. The significance of the F-ratio was used to indicate

statistical significance where there were only two treatments. Where there were

more than two treatments the means were compared by calculating least

significant difference (LSD) at the 5 % level.
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3. RESULTS

3.1. AM FUNGAL BIOMASS IN ROOTS AND SOIL

Specific fungal components are required which serve as indicators for

mycorrhizal biomass in roots and soil. The potential value of quantifying

mycorrhizal fungi by biochemical methods of either roots or extraradical

mycelium in pot experiments was examined in this section.

3.1.1. Identification of ergosterol in colonized roots with the AM

fungus Glomus intraradices

A microscopic examination showed that all inoculated roots of sweet maize and

berseem were heavily colonized with the AM fungus, whereas none of the non-

inoculated root systems showed any mycorrhizal colonization (Figs. 6b, 7b). In

some instances, however, there were indications of minor contamination of the

roots by other, unknown fungi. The levels of root colonization were higher in

sweet maize than in berseem, reaching 100 and 30%, respectively, after 80

days.

Ergosterol was quantitatively determined in root extracts using high performance

liquid chromatography. Figure 5 shows high performance liquid chromatograms

of extracts of AMF-colonized and non-colonized roots of sweet maize. A high

peak for ergosterol was observed in the extract from the AMF-colonized roots,

but only minor peaks were observed in the extract from non-colonized roots.

Under the experimental conditions used, ergosterol was separated from other

major components but may be eluting close to other minor components. The

small amounts of ergosterol in non-colonized roots, as determined by high

performance liquid chromatography, could possibly be an artifact caused by

another coeluting component or by other contaminant fungi producing

ergosterol. The presence of this small signal, however, did not significantly affect

measurement of the larger concentrations of ergosterol in AMF-colonized roots.
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Figure 5: High performance liquid chromatogram of root extracts of (a) berseem colonized with

the arbuscular mycorrhiza fungus Glomus intraradices and (b) non-inoculated

berseem. Peak identification: 1, ergosterol.

A microscopic examination of AM formation over time showed that berseem was

colonized more slowly than sweet maize (Figs. 6b, 7b). Ergosterol

concentrations in berseem roots, as determined by high performance liquid

chromatography, increased steadily from 8 ug g"1 after 20 d to about 72 ug g_1
after 80 d (Fig. 7a). Concurrently, root colonization also increased. As early as 20

d after initation of the experiment, small differences in ergosterol concentrations

were found between colonized and non-colonized plants. The small

concentrations of ergosterol present in the non-colonized control plants

remained fairly constant during the course of the investigation. In sweet maize,

Glomus intraradices colonized roots rapidly and heavily, and ergosterol reached

a final concentration of about 52 ug g_1 (Fig. 6a). The concentrations of
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ergosterol or co-eluting compounds in the non-colonized sweet maize were low

(2-8 ug g_1), similar to those found in non-colonized berseem.
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Figure 6a, b: Time-course of yield of (a) ergosterol (|j.g g"1 root dry weight) and (b) root

colonization (%) of mycorrhizal and non-mycorrhizal sweet maize (Zea mays).

Treatments were as follows: , non-mycorrhizal; , mycorrhizal. Each bar

represents the mean of four replicates with standard deviation Each

replication contained three plants
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Figure 7a, b: Time-course of yield of (a) ergosterol (u.g g~1 root dry weight) and (b) root

colonization (%) of mycorrhizal and non-mycorrhizal berseem (Trifolium

alexandrinum). Treatments were as follows: , non-mycorrhizal; , mycorrhizal.

Each bar represents the mean of four replicates with standard deviation. Each

replication contained eight plants.

The gas chromatography-mass spectrometry chromatograms of root extracts of

sweet maize (Fig. 8) revealed the presence of several phytosterols (see

introduction, section 1.3). The main components were campesterol (molecular

ion, M+= 400), stigmasterol (M+= 412), (3-sitosterol (M+= 414) and cycloartenol

(M+= 424), whereas squalene (M+= 410), cholesterol (M+= 386), and a series of

additional, not yet identified sterols were detected in only very small amounts.

Similar chromatograms (data not shown) were obtained using extracts of

berseem, with the exception of cycloartenol, which was not present in these

extracts. Contrary to the general presence of these phytosterols in all root

extracts, ergosterol (chromatogram in Fig. 8) was only present in the AMF-

colonized roots.
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Figure 8a, b: Gas chromatography-mass spectrometry chromatograms (total ion current) of

(a) non-colonized and (b) AMF-colonized roots of 40-day-old sweet maize.

Peak identification: 1 = squalene; 2 = cholesterol; 3 = ergosterol; 4 =

campesterol; 5 = stigmasterol; 6 = p-sitosterol; 7= cycloartenol. Retention time

is given in min.

The mass spectrum of this compound (Fig. 9) is identical to that of commercially

available ergosterol. Typical in this mass spectrum is the presence of the M+ ion

at m/z 396 for a C28 sterol with three double bonds and fragment ions at m/z 381

(M+-CH3), 378 (M+-H20), 363 (M+-CH3-H20), 271, and 253 (Brooks and

Middleditch 1973). Mass chromatograms (m/z 396 and 363) of the two extracts

clearly showed the elution of ergosterol in the AMF-colonized roots (Fig. 10c, d).

In the extracts of non-colonized roots only very minor amounts of ergosterol or

none at all were detectable (Fig. 10a, b). In the mass chromatograms (m/z 396)

used to monitor ergosterol, peaks for stigmasterol and 6-sitosterol were also

observed. These peaks originate from fragment ions (e.g., M+-H20 in case of 13-

sitosterol). Neither compound, however, interferes with determination of

ergosterol in these chromatograms.
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3.1.2. Chitin and ergosterol content in extraradical and

intraradical mycelium of the AM fungus Glomus intraradices

In spite of the high plant density (7-10 plants per IC) and the relatively low plant

biomass, the AMF mycelial growth in the medium was satisfactory. Significant

differences (P = 0.05) were found in shoot dry weights between mycorrhizal

colonized and non-colonized plants. No colonization was detected in the roots of

the non-inoculated plants, whereas 61 % of the root length was colonized in the

inoculated plants (Table 1).

Table 1: Shoot and root dry weights and percentage root colonization of Trifolium pratense L.

grown with or without Glomus intraradices.

Treatment Shoot dry weight Root dry weight Root length

(g per pot) (g per pot) colonization (%)

Control 2.1 ± 0.1 ±

Inoculated 4.1 ± 0.6

Significance ±±
,

±Values are means ± S.D. (n = 3)

^Significance of difference between treatments by analysis of variance; NS not significant,
*

P<0.05

The extraradical AMF mycelium in the medium of the IC with colonized plants

averaged 44.8 m g-1 dry medium, only 0.59 m g-1 being quantified as non-AMF

mycelium. The sequential sieving procedure provided a good separation of

mycelium attached to the roots. No mycorrhizal mycelium was collected from the

IC of non-colonized plants. Some non-AMF mycelium (0.56 m g-1) was probably

attributable to saprophytic fungi. AMF mycelium in the RFS averaged 4.3 m g-1,

but no saprophytic fungal mycelium was detected in the RFS of either colonized

or non-colonized plants (Table 2).

0.6 ± 0.1 o.o

0.6 ±0.1 61.4 ±1.0

NS
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Table 2: AMF mycelium lengths (m g"1 substrate), mycelium dry weight (m g"1 substrate) and

non-AMF mycelium length (m g"1 substrate) in the root-free substrate (RFS) and

inoculum compartments (IC).

Treatment AMF mycelium AMF-mycelium Non-AMF

length (mg"1) dry weight (u.g g"1 )± mycelium length

(mg"1)

Control RFS 0 0 0

IC 0 0 0.56 ±0.04

Inoculated RFS 4.31 ±0.87* 16 ±3 0

IC 44.83 ±4.58 172 ±17 0.59 ± 0.04

*Values are means ± S. D. (n=3)

±AMF mycelium dry weights are theoretical values obtained by applying a conversion factor. See

Material and Methods

The presence of some root pieces in mycelial samples from the IC prevented the

use of this material for chitin and ergosterol determination. Therefore, these

analyses were carried out using the mycelium collected from the RFS only.

The glucosamine content of roots of red clover colonized by Glomus intraradices

was 2.19 mg glucosamine g-1 root dwt, which represented a chitin content of

5.70 mg g-1 (Table 3). Glucosamine content in mycelium collected from the RFS

was 0.111 ug rrr1, corresponding to 0.296 u.g chitin rrr1. When using the

proposed conversion factor to convert mycelial length in m to mycelial weight in

g, the above estimates resulted in a tentative value of 77.28 mg chitin g_1

mycelial dwt (Table 3).

There was a good correlation between hyphal length and chitin content in the

extraradical AMF mycelium, which was represented by the equation y= -14.76 +

0.328 x, where "y" is chitin content, and "x" the AMF mycelial length in m (R =

0.923; P = 0.01) (Fig. 11).
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Figure 11: Relationship between chitin content in u.g (y) and mycelium length in m (x).

Regression data of all points are: y = -14.761 + 0.328 x (R = 0.923, P = 0.0091; n =

5).

Table 3: Chitin and ergosterol contents in colonized roots and in the extraradical mycelium of

Glomus intraradices.

Colonized roots Extraradical mycelium

Chitin (mg g-1)

(ng m"1)*

5.70 ±1.12* 77.28 ±7.10

(296.37 ± 27.86)

Ergosterol (ugg-1)

(ngm-1)t

11.09 ±6.00 63.41 ± 15.0

(0.23 ±0.05)

*Values are means ± standard deviation (n = 3)

lvalues in parenthesis represent original data on ergosterol concentration, but expressed as

mycelium length

The concentrations of ergosterol in colonized and non-colonized roots were

11.09 u.g g-1 and 1.16 u.g g-1, respectively (Table 3).
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The GC-MS chromatograms of mycelium extracts (data not shown) from the RFS

confirmed the identity of ergosterol. No peak was observed in extracts from the

RFS of non-inoculated plants suggesting interference by other fungi was

apparently negligible in this part of the study. Figure 12 shows a high

performance liquid chromatogram of extraradical mycelial extracts.
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Figure 12: High performance liquid chromatogram of extracts of EME-collected extraradical

mycelium of Glomus intraradices from the root free substrate. Peak identification: 1,

ergosterol.
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Results of ergosterol analysis of external mycelium were in agreement with those

o the mycelial content in RFS, showing values of 0.23 ng ergosterol nr1. This

would, using the proposed conversion factor, be equivalent to a concentration of

63.41 u.g g_1 mycelial dwt. Regression analysis showed a good linear fit which

was represented by the equation y = -32.96+ 3.065 x, where "y" is ergosterol

content in ng, and "x" the length of AMF mycelial length in m (R = 0.969; P =

0.0024) (Fig. 13).
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Figure 13: Relationship between ergosterol content ng (y) and mycelium length in m (x):

Regression data of all points are: y = -32.96 + 3.065 x (R = 0.969; P = 0.0024; n =

5).
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3.2. EFFECTS OF THE AM SYMBIOSIS ON THE N NUTRITION OF

PLANTS

3.2.1. N transport by extraradical AMF hyphae

Experiment 1: Inorganic 15N

The percentage of root length colonized by G. intraradices (Table 4) was 58%

and 64 % in treatments II and III, while no colonization was found in the non-

inoculated control plants (treatment I). The mycorrhizal mycelium proliferated into

the hyphal compartment, while no roots were observed in this compartment.

Hyphal length in the hyphal compartment of mycorrhizal plants ranged from 7 to

12 m fungal hyphae g-1 of dry soil (data not shown). The hyphal background in

the bulk soil of the non-mycorrhizal treatment (I) amounted to 0.9 m g_1 of dry

soil.

Table 4: Mycorrhizal colonization and dry weights in maize shoots and roots associated or not

(control) with Glomus intraradices.

Treatment Root length Dry weight (g)

colonized (%)

Shoot Root

Control Ob* 3.6 a 1.2 a

Mycorrhizal 58 a 3.3 a 1.0 a

Mycorrhizal, 64 a 3.8 a 1.0 a

hyphae disturbed

*Values are means of 4 replicates. Within in each column, any two means followed by the same

letter are not significantly different by least significant difference (LSD a o.05)
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Shoot and root dry weights of maize were similar in non-mycorrhizal plants and

in plants colonized by the AM fungus (Table 4). The absence of differential

stimulation of plant growth in the mycorrhizal treatments permits comparisons

without complications by dilution of nutrient concentration as a result of

increased growth (Jarrell and Beverly, 1981).

The N concentrations in the shoots and roots of controls were lower than in the

shoots and roots of mycorrhizal plants. The 15N data clearly showed the highest

15N enrichment of maize in the mycorrhizal treatment (II) where hyphae were not

disturbed (Table 5) compared to the other two treatments (I, III). Non-mycorrhizal

maize (I) showed the lowest 15N enrichment, while the 15N enrichment of maize

where hyphae were disturbed (III) was slightly increased. The hyphal

contribution to plant uptake from the outer compartment accounted for 72 %

calculated from the differences of treatments II and III.

Table 5: N concentrations and atom % 15N excess in maize shoots and roots associated or

not (control) with Glomus intraradices. (15NH4)2 SO4 was supplied to the hyphal

compartment at a distance of 5 cm from the roots.

Treatment N concentration (%) Atom % 15N excess

Shoot Root Shoot Root

Control 1.4 b* 1.1b 0.14 b 0.13 c

Mycorrhizal 2.3 a 1.6 a 0.63 a 0.63 a

Mycorrhizal, 2.0 a 1.5 a 0.16 b 0.25 b

hyphae disturbed

*Values are means of four replicates. Within in each column, any two means followed by the same

letter are not significantly different by least significant difference (LSD a 0.05)
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Mycorrhizal hyphae significantly depleted 15N in the hyphal compartment at a

distance of 4-6 cm from the roots in the undisturbed treatment (II) compared to

the other two treatments (I, III, see Fig. 14).
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Figure 14: Concentration of 15N in the soil of the root compartment and in the soil of the

hyphal compartment with increasing distance from the roots. Plants were harvested

15 d after application of 15N as (15NH4)2 SO4. Treatments were as follows: ,

without fungus; a, external mycelium, undisturbed; , external mycelium,

disturbed by a spatula at a distance of 4 cm from the root compartment. Lines

represent the standard deviation of mean (n = 4).

Figure 15 shows the time-course of 15N appearance in maize. The tracer was

first detected after 6 d. The control plants contained only traces of 15N after 6 d.

The 15N enrichment of mycorrhizal plants increased with time. The highest

uptake of 15N by mycorrhizal plants occurred during the 10-15 d period. In

mycorrhizal plants 15N enrichment in roots was significantly higher than the 15N

enrichment in shoots after 6 and 10 d. Non-mycorrhizal plants showed lower
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levels of atom % 15N excess and remained at a constant low level throughout

the study indicating that mass flow was not completely prevented.

The 15N content of mycorrhizal plants in treatment II corresponds to a 39 %

recovery of applied (15NH4)2 SO4, whereas the recovery of all other treatments

(I, III) was below 10 %. The total recovery of 15N in plants and soil with

mycorrhiza was in the range of 91-94 %, while only 79 % of 15N was found in the

plant-soil system without mycorrhiza (Table 6).
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Figure 15: The time-course of appearance of 1^N expressed as atom % 15n excess in maize

roots () and shoots () of mycorrhizal (M) and non-mycorrhizal (C) Zea mays after

application of (15NH4)2 SO4 to the root-free soil compartment at a distance of 5 cm

from the roots. Each sample date represents a mean of four plants (shoot and root).

Bars indicate the standard errors of means (n = 4)
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Table 6: Recovery of 15N expressed as the percentage of total applied (15NH4)2 SO4 in

plants (maize) and in soil at harvest.

Total recovery of 15N (%)

Treatment Plant Soil* Total

Control 6 b* 73 a 79 b

Mycorrhizal 39 a 55 b 94 a

Mycorrhizal, 10 b 81 a 91 a

hyphae disturbed

tin hyphal compartment (including hyphae)

*Values are means of four replicates. Within in each column, any two means followed by the same

letter are not significantly different by least significant difference (LSD a o.05)
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Experiment 2: Effectiveness of three AM fungi in inorganic 15N

transport

No mycorrhiza developed in the non-inoculated control pots. Mycorrhizal

colonization showed no appreciable differences among the mycorrhizal isolates

tested and 69-84 % of the root length was colonized (Table 7).

Table 7: Mycorrhizal colonization, plant dry weight, nitrogen concentration and atom % 15N

excess in maize associated or not (control) with three AM fungi. (15NH4)2 SO4 was

supplied to the hyphal compartment at a distance of 5 cm from the roots.

Coloni¬ D.wt. (g) %N Atom % 15N exc.

Fungus zation

(%)

Shoot Root Shoot Root Shoot Root

Control Ob* 10.1a 4.8 a 0.77 c 0.72 b 0.14 c 0.14 b

Acaulospora laevis 69 a 10.7 a 4.4 a 0.87 b 0.86 ab 0.46 b 0.86 a

Gigaspora margarita 84a 10.4 a 4.1a 1.21 a 1.00 a 0.51 a 0.96 a

Glomus intraradices 78 a 10.7 a 4.3 a 1.08 a 0.87 ab 0.53 a 0.91 a

*Values are means of four replicates. Within in each column, any two means followed by the same

letter are not significantly different by least significant difference (LSD a 0.05)

The length of hyphae (m g-1 dry soil) in the hyphal compartment showed different

patterns between fungal isolates (Fig. 16). G. margarita showed the highest

hyphal density close to the roots (1 cm). However, the density decreased at

further distances, whereas the hyphal density of G. intraradices rose at

increasing distances from the roots. The largest hyphal density at the site of 15N

application (5 cm distance from the root surface) was recorded with G.

intraradices. A. laevis produced the lowest lengths of hyphae at all sampling

distances.
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Dry weight of shoots and roots was unaffected by the different treatments (Table

7). The concentrations of N in maize shoots differed significantly between

inoculation treatments (Table 7). Plants colonized with G. intraradices and G.

margarita had the highest N concentration in the shoots, whereas the non-

inoculated control plants had the lowest N concentration. Similarly, atom % 15N

excess in the shoots of maize colonized by G. intraradices and G. margarita

were the highest of all the treatments. However, atom % 15N excess of maize

colonized by A. laevis was significantly increased compared to the control plants

(Table 7). The 15N enrichments in roots and shoots were similar in non-

mycorrhizal plants. However, in mycorrhizal plants the 15N enrichment in the

roots was about twice that measured in the shoots.
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Figure 16: Length of mycorrhizal hyphae in soil inside the root compartment (0 cm) and at

increasing distances from the roots of Zea mays after 62 d of growth, o,

Acaulospora laevis; A, Glomus intraradices; , Gigaspora margarita. Bars represent

the standard errors of the mean (n = 4)
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Experiment 3: Organic 15N

Mycorrhizas were present in over 80 % of the total root length of maize after 84 d

in the inoculated treatment, while no colonization was observed in the non-

inoculated treatment (Table 8). The density of extraradical mycelium in the

hyphal compartment of the inoculated containers was high (8-14 m g-1 dry soil)

at all distances (0-5 cm) from the roots (data not shown).

There was no difference in shoot and root dry weight between mycorrhizal and

control plants. The N concentration was generally higher in mycorrhizal than in

non-mycorrhizal plants (Table 8). The 15N enrichment was higher in all plants

than the natural level measured in plants not exposed to 15N (0.3706 atom %

15N). The atom % 15N excess in mycorrhizal plants was increased compared to

non-mycorrhizal plants when 1^n was applied as 15N-labelled plant material

(Table 8a).

Mycorrhizal plants contained an average of 17 % (SE ± 2), whereas non-

mycorrhizal plants contained only 5 % (SE ± 1) of the 15N supplied. However,

when 15N was applied as fungal material, the atom % 15N excess was similar in

root and shoot tissues of mycorrhizal plants compared to tissues of non-

mycorrhizal plants at harvest (Table 8b). Both mycorrhizal and control plants

contained an average of 29 % (SE ± 2) of the 15N supplied.
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Table 8: Mycorrhizal colonization, plant dry weight, nitrogen concentration and atom % 15N

excess in maize associated or non-associated (control) with Glomus intraradices.

Organic 15N was supplied to the hyphal compartment at a distance of 5 cm from the

roots as (a) 15N labelled plant material with 1.65 atom % 15N excess or as (b) 15N

labelled fungal material with 95 atom % 15N excess.

Coloni¬ D.wt. (g) %N Atom % 15N exc.

Treatment zation (%) Shoot Root Shoot Root Shoot Root

(a)

Control 0* 15.8 5.5 0.62 0.61 0.03 0.03

Mycorrhizal 82 16.4 5.0 0.73 0.69 0.05 0.04

Significance**
NS NS NS

(b)

Control 0 15.4 5.7 0.61 0.63 4.46 3.25

Mycorrhizal 89 17.8 5.4 0.71 0.66 4.30 2.89

Significance*^
NS NS NS NS NS

tValues are means of four replicates.

±±Significance of difference between treatments by analysis of variance; NS not significant,
*

P<0.05
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3.2.2. The role of AMF bridges in interplant N transfer

Experiment 1: Split-root application of 15N

Colonization by G. intraradices reached over 50 % of the root length of

inoculated (treatments II and III) berseem roots and over 60 % of the root length

of maize in treatment III (Table 9), while no mycorrhizal colonization was found in

the controls (treatments I and II).

Shoot dry weights of berseem were similar in control plants (treatment I) and in

plants colonized by G. intraradices (treatments II and III), whereas dry weights of

uninoculated roots (treatment I) in the inner (B) compartment were significantly

lower than in the non-membrane restriction (III) treatment (Table 9).

Mycorrhizal infection (treatment III) in maize did not affect the dry matter yield

compared to non-colonized maize (see treatments I and II, Table 9). However,

colonized maize (treatment III) showed higher N concentrations in shoots and

roots than non-colonized maize (Table 9).

At harvest, the Millipore membrane had not been broken down and no

perforations were visible. The membrane acted as an effective barrier to the

hyphae in both the root-free and the maize compartments (treatment II). The

background hyphal density in these compartments amounted to 0.3 m g"1 of dry

soil. The root-free zone of the non-membrane restriction (III) treatment contained

3.1 ± 0.2 m of fungal hyphae g"1 of dry soil. Mycelium length in the inner (B) root

compartment of colonized berseem did not differ between the membrane

restriction (II) (5.1 m ± 0.3) and the non-membrane restriction (III) treatment (4.5 ±

0.2 m g"1 of dry soil).
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Table 9: Mycorrhizal colonization (percentage of colonized root length), dry weight, N-

concentration and atom % 15N excess in plant parts of (a) berseem (Trifolium

alexandrinum) and (b) maize. The proportion of 15N added to the donor which was

subsequently recovered in the receiver plant is expressed as the percent recovery of

applied 15N.

Parameter Treatment

Control Mycorrhizal, hyphae Mycorrhizal

restricted

(a) In berseem

Mycorrhizal infection (%) 0 54 a* 56a

Shoot dry weight (g) 6.4 a 6.7 a 7.3 a

Root dry weight (g)± 0.7 a 0.9 ab 1.3b

Shoot N concentration (%) 1.9 a 2.0 a 2.2 a

Root N concentration (%) 2.3 a 2.3 a 2.2 a

Shoot atom % 1^N excess 2.34 a 2.64 a 2.6 a

Root atom % 1^N excess 0.77 a

(b) in maize

0.79 a 0.78 a

Mycorrhizal infection (%) 0 0 62

Shoot dry weight (g) 0.7 a 0.8 a 0.8 a

Root dry weight (g) 0.3 a 0.4 a 0.3 a

Shoot N concentration (%) 1.7a 1.6a 2.4 b

Root N concentration (%) 1.3a 1.2a 1.7b

Shoot atom % 15N excess 0.01 a 0.01 a 0.02 b

Root atom % 15N excess 0.01 a 0.01 a 0.04 b

Recovery (%) of applied 15N 0.03 a 0.03 a 0.12 b

±Data from the inner (B) root compartment, see Fig.3 in section 2.8.4

*Values are means of four replicate treatments. Within in each row, any two means followed by the

same letter are not significantly different by least significant difference (LSD a 0.05)
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Figure 17: Amounts of 15N in excess in maize (u.g) transferred from berseem (T.alexandrinum)

through a 3-cm-thick root-free compartment as affected by the different treatments

Treatments were as follows , non-mycorrhizal, , non-mycorrhizal, hyphae

restricted, Q, mycorrhizal. Bar heights represent the mean and standard error of four

replicates

Transfer of 15N from berseem to maize was detectable from the 1^n enrichment

of all shoots and roots of maize. However, maize colonized by the mycorrhizal

fungus (treatment III) showed significantly higher atom % excess 15N (Table 9)

and 15N contents (Figure 17) than non-mycorrhizal maize (treatment I and II),

indicating that 15N-transfer from berseem to maize via AMF hyphae had

occurred. Non-mycorrhizal control plants (treatments I and II) showed low but

significant enrichment of 15N suggesting that small amounts of 15N were

transferred by mechanisms other than direct transfer through mycorrhizal

hyphae. Recovery of 15N in non-mycorrhizal maize (treatments I and II) was 0.04

% of the 15N in the legume. In contrast, 0.12 % of the 15N in the legume was

found in mycorrhizal maize (treatment III).
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Experiment 2: Foliar application of 15N

The mycorrhizal fungus colonized 48% and 52% of the total root length of

berseem in the membrane-restriction treatment (II) and the non-membrane

restriction treatment (III), respectively (Table 10). There was no AMF formation in

the control cuvettes without mycorrhizal inoculum (treatment I). Root colonization

by the AM fungus in the receiver plants averaged 72 % (Table 10). No

colonization occurred in apple plants, where mycorrhizal hyphae restricted by a

0.45 u.m membrane (treatment II) had no access to the central compartment.

Hyphal lengths in the root-free compartment in the non-membrane restriction (III)

treatment were 4.5 m g-1 dry soil. The hyphal background in the root-free

compartment of treatments I and II was estimated to be 0.35 m g-"1 dry soil.

Average hyphal length in the root compartment of the mycorrhizal legume in the

membrane restriction (II) treatment was 6.4 m g-1 dry soil and 5.7 m in the non-

membrane restriction one (III).

Shoot and root biomass of berseem were similar in control plants and in plants

colonized by G. intraradices (compare treatments Mil, Table 10). However,

mycorrhizal infection (treatment III) increased significantly the shoot dry weight in

apple compared to non-mycorrhizal apple (treatments I and II, Table 10). N

concentrations in the receiver plants were not affected by mycorrhizal infection

(see treatment III, Table 10). However, total nitrogen content was significantly

higher in colonized apple (treatment III) due to the higher dry weights compared

to non-colonized apple plants (treatments I and II).
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Table 10: Mycorrhizal colonization (percentage of colonized root length), dry weight, N-

concentration and atom % 15N excess in plant parts of (a) berseem (Trifolium

alexandrinum) and (b) apple seedlings. The proportion of 15N added to the donor

which was subsequently recovered in the receiver plant is expressed as the percent

recovery of applied 15N.

Parameter

Control

Treatment

Mycorrhizal, hyphae Mycorrhizal

restricted

(a) in berseem

Mycorrhizal infection (%) 0 48 a* 52 a

Shoot dry weight (g) 1.6 a 1.8a 2.0 a

Root dry weight (g) 0.2 a 0.2 a 0.2 a

Shoot N concentration (%) 2.7 a 2.7 a 2.5 a

Root N concentration (%) 3.6 a 2.9 b 2.8 b

Shoot atom % 15N excess 2.21 a 2.11a 1.83 a

Root atom % 15N excess 0.24 a 0.53 b 0.41 ab

(b) in apple seedlings

Mycorrhizal infection (%) 0 0 72

Shoot dry weight (g) 2.1 a 2.0 a 3.3 b

Root dry weight (g) 1.0a 1.0a 1.2a

Shoot N concentration (%) 1.5 a 1.5 a 1.5 a

Root N concentration (%) 1.1a 1.2a 1.1a

Shoot atom % 15N excess 0.016 b 0.009 a 0.024 c

Root atom % 15N excess 0.017 a 0.01 a 0.264 b

Recovery (%) of applied 15N 0.64 a 0.45 a 4.45 b

*Values are means of four replicate treatments. Within in each row, any two means followed by the

same letter are not significantly different by least significant difference (LSD a o.05)
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Figure 18: Amounts of 15N in excess in apple (jig) transferred from berseem (Talexandrinum)

through a 3-cm-thick root-free compartment as affected by the different treatments.

Treatments were as follows , non-mycorrhizal, , non-mycorrhizal, hyphae

restricted, a, mycorrhizal Bar heights represent the mean and standard error of

four replicates

Data from the 15N analyses in plant tissue of berseem indicated effective

translocation of foliarly absorbed 15N into the root system (Table 10). Total 15N

contents in roots of berseem did not differ between treatments (data not shown).

However, 15N contents in apple were significantly increased by the mycorrhizal

infection (treatment III) compared to non-colonized apple (treatments I and II,

Figure 18). There was movement of less than 7 u.g of 15N (0.7 % of the 15N in the

legume) from berseem to non-mycorrhizal apple (treatments I and II), probably

by a mechanism other than translocation through mycorrhizal hyphae. In

contrast, there was movement of 49 u.g 15N (5.4 % of the 15N in the legume) from

berseem to mycorrhizal apple, indicating a mycorrhiza-mediated transfer of 15N.
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Experiment 3: Labelling with 15N2

At harvest, no roots were observed in the hyphal compartment. Table 11

summarizes root colonization by the AM fungus, the effect of mycorrhizal

inoculation on dry matter production and root-to-shoot ratio in the donor and

receiver plants. All inoculated berseem showed similar rates of infection. The AM

fungus colonized 69 % (SE ± 2.5) and 73 % (SE ± 4) of the total root length in

the membrane restriction treatment (II) and the non-membrane restriction

treatment (III) respectively. Mycorrhizal hyphae could grow through the root-free

soil compartment and infect the receiver plant. Root colonization of maize

averaged 53 % (SE ± 4). Where mycorrhizal hyphae had no access to the

central compartment (treatment II), no colonization occurred in maize. There

were no AMF observed in control cuvettes growing with maize alone (treatment

I).

Plant biomass of berseem was not affected by the restriction of hyphae

(treatment II) compared to the non-membrane restriction treatment (treatment III).

Dry mass of maize did not differ significantly between treatments Mil. This

allowed comparison of the different treatments without complications by dilution

or concentration effects (Jarrel and Beverly, 1981). However, mycorrhizal

inoculation resulted in a lower root-to-shoot ratio in maize (compare treatments II

and III, Table 11). Similarly, the ratio in the donor plant differed between

treatments II and III.

The number of nodules and nodule dry weight did not differ between treatments

in roots of berseem at the beginning of the labelling period (Table 11). This was

an important pre-requisite to allow comparisons of N2 fixation to be made. The

nodules showed a reddish colour suggesting that they may be active in N2

fixation.

Hyphal length did not differ in the legume compartments. However, the amounts

tended to be higher where hyphae had no access to the central compartment

(treatment II). The sand in the root-free zone contained 2.3 (SE ± 0.2) m of fungal

hyphae g"1 of dry sand when mycorrhizal hyphae were not restricted by a 0.45

u.m membrane (treatment III). Mycelium lengths in the berseem compartments

ranged from 3.2 m (SE ± 0.2) to 4.1 (SE ± 0.3) m g"1 of dry sand. The membrane

acted as an effective barrier to the hyphae in both the root-free and the maize



73

compartments. The hyphal background in these compartments was low (0.1 m g"

1 of dry sand).

Staining with INT confirmed that only a proportion of the hyphae were

metabolically active. The viability of total length of the external hyphae in the

root-free compartment in treatment III, which would also include non-mycorrhizal

fungi, amounted to 15 % (SE ± 3) and 27 % (SE ± 2) of that in the maize

compartments. In general, fungal hyphae tended to be less viable when there

were no roots in close proximity.

Table 11: Percentage of colonized root length, total plant biomass and root-to-shoot ratio in

Trifolium alexandrinum (A) and Zea mays (B). Nodulation in T. alexandrinum is

expressed as nodules per plant and nodule dry weight (mg) per 40 nodules.

Treat- Infectionrate Dry weight Root/ Shoot Nodulation

ment+" (%) (g cuvette-1) ratio

Nodules/ Nodule dwt

plant (mg) per

40 nodules

ABABABA A

I - 0 - 1.2 a 1.2 a -

II 69a* 0 2.2a 1.3a 0.30a 1.1a 86a 14a

III 73a 53 2.4a 1.4a 0.25 b 0.6 b 94a 13a

*Values are means of four replicates. Within in each row, any two means followed by the same letter

are not significantly different by least significant difference (LSD a o.05)-

^Experimental design: I, Without T. alexandrinum: Z mays without AMF; II, Mycorrhizal T.

alexandrinum: AMF-confined by 0.45 um membrane, no colonization of Z mays; III, Mycorrhizal 7.

alexandrinum: AMF growing through root-free zone and colonizing Z mays

Gas samples were taken from the incubation bags at intervals. The mean 15N-

enrichment of the enclosed atmosphere during exposure was in the range of
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0.55 to 0.92 atom % 15N excess. This value is low, probably due to residual 14N2
in the plastic bags and also to gas diffusion through the bags and leakage

around the plant stems. 15N enrichment declined slowly after a pulse of 15N2.
The mean volume of the plastic bags was estimated to be 4 I.

Table 12 summarizes the effect of mycorrhizal inoculation on nitrogen content,

atom % 15N excess and 15N excess content in the legume and non-legume. All

plant components showed enrichment of 15N compared to samples not exposed

to 15N2. Natural abundance of 15N in maize and berseem ranged from 0.3663

(SE±0.0002) to 0.3692 (SE± 0.0004), respectively. Neither rhizosphere nor root-

free soil was analysed for 15N content. Analytical error associated with repeated

sampling for 15N determinations was only 0.0002 atom % 15N.

Nitrogen contents of berseem were similar in both treatments (II and III).

Similarly, no significant differences in nitrogen content were observed in non-

mycorrhizal maize (treatment II) and in maize colonized by G. intraradices

(treatment III). However, colonized maize showed significantly higher N yield

compared with non-mycorrhizal maize planted without berseem (treatment I,

Table 12).

It was clearly shown that detectable amounts of 15N were fixed in berseem

exposed to a 15N2-enriched atmosphere. These plants contained more 15N than

did berseem plants maintained under air at natural 15N abundance. The

legumes fixed similar amounts of 15N2, expressed as total 15N excess content at

harvest, in the membrane restriction (II) and the non-membrane restriction (III)

treatments (Table 12). We deliberately aimed for this result in order to compare N

transfer to a non-legume from a mycorrhizal legume with unrestricted hyphal

growth with that from a mycorrhizal legume with restricted hyphal growth, without

the complication of having differences in N2 fixation due to inoculation with a AM

fungus (for review, see Barea and Azcon-Aguilar, 1983). In contrast, infection by

the AM fungus in maize (treatment III) resulted in a higher atom % 15N excess

and higher actual amount of 15N in the plant compared to non-colonized maize

(treatment II) and to controls of maize without berseem (treatment I), indicating

mycorrhiza-mediated 15N-transfer from berseem to maize through a root-free

compartment.
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Table 12: N content, atom % '''N excess and total 1&N excess content in Trifolium

alexandrinum (A) and Zea mays (B).

Treatment* N content (mg) Atom % 15N excess 15N content (pig)

A B A B A B

I - 13.1a - 0.0084 a - 1.1a

II 47.9 a* 13.7 ab 0.0862 a 0.0140 b 45.3 a 1.9 b

III 50.0 a 15.8 b 0.0880 a 0.0231c 43.8 a 3.6 c

*Values are means of four replicates. Within in each column any two means followed by the same

letter are not significantly different by least significant difference (LSD a 0.05)-

*Experimental design: I, Without T. alexandrinum: Z. mays without AMF; II, Mycorrhizal T.

alexandrinum: AMF confined by 0.45 nm membrane, no colonization of Z mays; III, Mycorrhizal T.

alexandrinum: AMF growing through root-free zone and colonizing Z mays

Controls of maize without berseem (treatment I), for determining 15N2-fixation by

free-living N2-fixing microorganisms, showed higher amounts of 15N than non-

exposed maize (Table 12). This result may indicate small amounts of N2 fixed by

diazotrophic organisms. However, the 15N enrichments in these controls were

lower than in non-colonized maize planted with berseem (treatment II),

suggesting that 15N transfer was by mechanisms other than mycorrhizal hyphae.

By correcting the value of 15N in colonized maize for the background values in

the corresponding non-mycorrhizal treatments, hyphal contribution of 15N in

maize accounted for less than 4 % of the 15N2 fixed by berseem.

Recovery of 15N within plant material was low. We could find less than 0.01 %

from the 300 ml 15N2 applied. This result indicates that the enclosure system

was not gas-tight and that the 15N2 gas was diluted by 14N from the atmosphere.
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4. DISCUSSION

4.1. AM FUNGAL BIOMASS IN ROOTS AND SOIL

Data on mycorrhizal biomass make an important contribution to our

understanding of the contribution made by the fungi in decomposition and

nutrient cycling. Because of the lack of cultivating the AM fungi on an artifical

media, it failed up to now to obtain significant amounts of fungal material from

colonized roots and soil in order to determine the retention of nutrients in the

fungi. In this part the aim was to elaborate biochemical parameters for reliably

estimating the mycorrhizal biomass and if so, the mycorrhizal biomass was

determined in roots and soil by biochemical and microscopical methods.

4.1.1. Identification of ergosterol in colonized roots with the AM

fungus Glomus intraradices

The mass chromatograms of extracts of non-inoculated roots showed little or no

ergosterol, whereas in the extracts of mycorrhizal plants ergosterol was present

at much higher concentrations. High ergosterol production by the fungus

occurred primarily during the active phase of colonization. In sweet maize, the

concentration of ergosterol only slightly increased later in the experiment,

whereas in berseem the formation of ergosterol reached a second peak towards

the end of the experiment.

To obtain reproducible ergosterol data, fresh root samples have to be used,

taking care not to expose the extracts to direct sunlight for prolonged periods.

Preliminary studies have shown that ergosterol decomposes when the root

samples are dried or exposed to ultraviolet light. These findings, as well as the

decomposition of ergosterol during freezing or lyophilization, have also been

reported by Newell et al. (1988). Optimal recovery is obtained by placing the root

samples directly into the extractant (ethanol). Schmitz et al. (1991) performed an

assay of ergosterol on dry roots. They found no or only minute amounts of this

sterol in their samples assayed.

Ergosterol, a conjugated diene, absorbs at a higher wavelength than most other

sterols and therefore the ultraviolet detector is best set at a wavelength of 282

nm (Seitz et al., 1977). At this wavelength the major phytosterols B-sitosterol,
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campesterol, and stigmasterol do not interfere significantly. Ergosterol was

detected not at all or only in traces in the mass chromatograms at m/z 396 of root

extracts of non-colonized plants (Fig. 10a, b, section 3.1.1). However, in the high

performance liquid chromatograms of extracts of non-mycorrhizal plants small

amounts of ergosterol were consistently encountered. This may have been the

result of a minor infection by other root-invading fungi or of unknown compounds

co-eluting with ergosterol under the experimental conditions used.

A modified assay of ergosterol without saponification for estimating fungal

biomass of ectomycorrhizae was recently described by Martin et al. (1990). Seitz

et al. (1977) recovered only 62 % of the total ergosterol without saponification,

but with saponification recovery was 93 %. The inferior recovery without

saponification was partly a result of the fact that about 20 % of the ergosterol in

fungi occurs in the form of sterolesters (Salmanowicz and Nylund, 1988). Assays

of ergosterol have been recently reviewed by Nylund and Wallander (1992).

The present investigation shows that ergosterol is a specific product of the

mycorrhizal fungus Glomus intraradices. There are no data on ergosterol

analysis in mycorrhizal roots. Beilby (1980) was unable to detect ergosterol in

spores of Acaulospora laevis, and Nordby et al. (1981) reported that ergosterol

amounted to less than 0.1 % of the total sterol content present in

chlamydospores of Glomus mosseae, whereas campesterol accounted for 96 %

of the total sterols. Mycorrhizal citrus roots consistently revealed a higher

percentage of campesterol and lower percentages of cholesterol and B-sitosterol

in comparison with non-mycorrhizal plants (Nagy et al., 1980). Further, roots of

maize colonized with the AM fungus Glomus mosseae contained higher

concentrations of campesterol than non-colonized roots (Ho, 1977). Neither of

the two studies reported the presence of ergosterol in AMF-colonized roots.

In the present experiments the concentration of ergosterol in colonized roots

differed significantly from those of the control plants. In roots of berseem, even at

a low level of mycorrhizal colonization at the beginning of the experiment,

significantly higher concentrations of ergosterol were found compared to non-

colonized roots (Fig. 7a, section 3.1.1). Ergosterol can therefore be considered

as a sensitive indicator of mycorrhizal biomass even at a lower rate of infection.

Ergosterol has been used to estimate biomass of other parasitic fungi, such as in

cereal grains (Seitz et al., 1977), in conifer needles (Osswald et al., 1986), in soil
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(Grant and West, 1986; Zelles et al., 1987) and in ectomycorrhizas

(Salmanowicz and Nylund, 1988).

A chitin assay to estimate the level of AM fungal biomass in root tissue has also

been reported (Hepper, 1977; Bethlenfalvay et al., 1982a; Schmitz et al., 1991).

However, chitin-based estimates of mycelial establishment are difficult to

interpret (Johnson and McGill, 1990), since the chitin assay measures total chitin

in both viable and dead hyphae. Ergosterol should provide a better correlation

with the viable biomass of a fungus (Nylund and Wallander, 1992). Chitin and

ergosterol contents were determined on the same material in order to compare

the two techniques (Frey and Schuepp, 1991). Ergosterol was a more sensitive

indicator of low levels of AMF infection than chitin. However, the two methods

were not correlated in the same experiment.

Data from Hamel et al. (1990) indicated a decline of the metabolically activity of

the intraradical mycelium, which was confirmed by Nitro-BT after 9 weeks of

mycorrhizal inoculation. Hence, the ergosterol content is expected to decrease

with time. However, only fine roots from the middle zone of the root system were

used for analysis of ergosterol in this study suggesting that the fungus in these

fine roots was metabolically active even at day 80 (Fig. 7a, section 3.1.1) and the

ergosterol content had not decreased.

The presence and function of mycorrhizal roots are of special interest when

studying the use of fungicides that inhibit ergosterol synthesis. Ergosterol

analysis can be used to evaluate the side effects of these fungicides on

mycorrhiza formation.

4.1.2. Chitin and ergosterol content in extraradical and intraradical

mycelium of the AM fungus Glomus intraradices

It is possible to separate external mycelium of AM fungi from soil by hand-picking
with forceps (Sanders et al., 1977) or by wet-sieving (Jakobsen and Rosendahl,

1990), but it is difficult to remove of all fragments of soil debris. The EME

technique, as applied in this study, allowed easy collection of very clean material

ready for chemical analysis. Chitin and ergosterol determinations were carried

out using the EME-collected mycelium from the root-free substrate without any
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problem other than the sample size. The EME technique can be reliably applied

to an artifical substrate from which fine particles have been previously excluded

as in this experiment, though it is difficult to get clean mycelium from natural soil

samples. The lack of cleanliness in EME samples from natural soil samples

together with the technique's lack of specificity for AMF mycelium makes this

protocol less useful for chemical studies of field-collected AMF mycelium.

However, the EME technique is feasible for mycelial length quantification by

microscopy or image analysis.

The contamination of the extraradical mycelial samples with fresh root fragments

using the substrate from the inoculum compartments showed that the method

had to be improved using forced and sequential sieving. The pressure of the

syringe and the sequential sieving procedure may have broken off some root

material, including root hairs, pieces of root epidermis and fragments of

parenquimatic tissue. However, the procedure removed a large amount of

extraradical mycelium attached to the root and the EME technique was

satisfactory when estimation of mycelial length was the main requirement, even

in samples containing roots.

The qualitative chemical composition of spores and extraradical mycelium are

probably very similar (Weete, 1973), but nothing is known about the quantitative

composition. For this reason, we chose Glomus intraradices as a useful AMF

isolate because it tends not to form spores outside the root. In fact, no spores

were observed associated with the mycelium collected, indicating that chemical

interference from spores could not have occurred. Chitin analysis resulted in a

glucosamine concentration of approximately 28.9 mg g"1 mycelial dwt (0.111 \ig

m-1 glucosamine), corresponding to a chitin concentration of 77.3 mg g_1

mycelial dwt. Our measurements of the glucosamine/chitin content in the

extraradical mycelium of Glomus intraradices are in general agreement with the

findings of others. Hepper (1977) found glucosamine concentrations of 21 - 40

ng mg"1 mycelial dwt in extraradical mycelium of different Glomus isolates

associated with Trifolium repens. Bethlenfalvay et al. (1982a) reported a

glucosamine content in extraradical mycelium of about 32 u.g mg-1 dwt

(equivalent to 88.5 |ig chitin mg"1) in mycelium of Glomus fasciculatus which was

9-12 weeks old. These close similarities suggest that the chitin content in

mycelium of several AMF isolates is very similar, and that the factor used to

convert mycelial lengths to mycelial dry weight was also realistic.
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Taking into account the chitin concentration of intraradical hyphae in colonized

roots (5.70 mg g"1 root dwt) and assuming the same concentration as for

extraradical mycelium (0.296 u.g m"1), we can estimate that the equivalent length

of mycelium inside the root was 19.2 km of AMF mycelium per gram of colonized

root dry weight. Although this calculation does not consider the contribution of

arbuscules and spores, it suggests that the extent of fungal development inside

the root was substantially higher than in the substrate. Or in other words, the

amount of fungal tissue (77.28 mg chitin per g extraradical mycelium) in

colonized roots (5.70 mg chitin g*1 root dwt) would represent 73.7 mg per g root

tissue or 7.4 % of this sample.

Thus, the mycorrhizal biomass constitute a considerable pool of immobilized N

in the intra- and extraradical mycelium, since chitin typically contains 6 %

nitrogen (Leake and Read, 1990). Therefore, the chitin-containing mycorrhizal

mycelium has a high requirement for nitrogen. Up to now failed to obtain

significant amounts of fungal material from colonized roots and to determine the

retention of nitrogen in the fungi, because of the lack of cultivating the fungi on

an artifical media. There are very few reports available of nutrient concentrations

in AM fungal structures. Smith and Gianinazzi-Pearson (1987) determined a N

concentration of 1.6 % (dry wt) of internal hyphae of G. mosseae in onion roots,

and Johansen et al. (1992) a N-concentration of 2.2 % (dwt) of external hyphae.

We calculated in another experiment (section 4.2.1) that roughly 0.04 % of the

soil N was immobilized in the external AMF mycelium. Obviously, this situation

reflects the mycorrhizal status of the plants under laboratory conditions and

further studies would be needed to support this conclusion under natural field

conditions.

Less information on ergosterol content in AMF mycelium is available in the

literature. For other fungi such as Mucor rouxii, Safe (1973) reported that

ergosterol represented up to 90 % of the free sterols, representing 0.69 % of the

mycelial dry weight. Matcham et al. (1985) estimated an ergosterol content of 2.2

mg g"1 mycelial dwt of Agaricus bisporus in liquid culture. Similarly, Grant and

West (1986) determined ergosterol concentrations between 4 and 7 mg g"1 for

different soil fungi, and Salmanowicz and Nylund (1988) also estimated a mean

ergosterol content of about 3.1 mg g_1 mycelial dwt in different ectomycorrhizal

fungi. Davis and Lamar (1992) reported an ergosterol content of 5.1 mg g_1

mycelial dwt for Phanerochaete chrysosporium grown in liquid culture. In
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contrast, our determinations showed that ergosterol was present in the

extraradical mycelium of Glomus intraradices in much lower concentration (63.4

u.g g"1), representing only 0.006 % of the mycelial dwt.

These results may confirm the suggestion of Nordby et al. (1981) who predicted

that the concentration of ergosterol in spores of Glomus mosseae would be less

than 0.1 % of spore dwt. Ergosterol was not very abundant in the extraradical

mycelium of Glomus intraradices, though our results may have been affected by
low mycelial viability. Ergosterol is believed to be confined to the living mycelium

and the activity of AMF hyphae is known to decrease with age (Schubert et al.,

1987; Hamel et al., 1990). In this connection, previous estimations of viable

mycelium using vital staining (FDA) of extraradical mycelium of Glomus occultum

of the same age, host plant and substrate (Vilarino et al., 1993) as of Glomus

intraradices used in this experiment, gave a result of 24 % viable mycelium.

Estimations of Schubert et al. (1987) using the same vital staining and mycelium

of Glomus clarum in Trifolium repens showed that after 8 weeks the amount of

viable mycelium was less than 15 %. Assuming similar viabilities for the

mycelium analyzed, the ergosterol content would increase up to only 0.02 % dwt

of living mycelium, still representing a very low concentration. Furthermore, we

have not observed severe losses of ergosterol during our analysis which were

performed on fresh mycelium, since Newell et al. (1988) showed that ergosterol

decomposes rapidly after the death of the hyphae and disappears upon

withdrawal of the cytoplasm.

The chitin assay has been criticized as a measure of fungal biomass on the

grounds of background interference (Johnson and McGill, 1990). Not only does

the chitin assay not distinguish between living and dead mycelium or between

AM fungi and saprophytic fungi, but also it does not distinguish between fungal

and faunal biomass. In samples collected from the field, the exoskeletons of

micro-arthropods could contribute to the results. Inside plant roots, the presence

of plant pathogenic fungi could contribute to the chitin analysis, as could insect

eggs. Bethlenfalvay and Ames (1987) did not obtain a good correlation between

soil chitin and hyphal length (including hyphae < 5 urn in diameter). They

consider that the main reason is the interference due to soil organisms. The

difference with the present work is that the mycelium was collected clean and

free from soil organisms.
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Ergosterol has been widely used to measure fungal biomass (see Nylund and

Wallander, 1992), but the main problem with use of this metabolite is that it is not

specific to any particular group of fungi, and hence we would be estimating the

total viable fungal mycelium present in the sample, not only AM fungal biomass.

Ergosterol analysis seems to be a useful technique for the estimation of

intraradical AM fungal biomass, or for cleaned extraradical mycelium.

Nevertheless, ergosterol in not a specific AMF metabolite. Therefore AM fungal

biomass determinations in soil samples would be overestimated as a result of

the presence of a complex fungal population, probably with a higher ergosterol

content. By this reason, substances other than ergosterol would be necessary to

obtain reliable data on AM fungal biomass when using mycelium from other

sources, preferably in combination with microscopic methods for determining

mycelial lengths, as previously suggested by Parkinson and Coleman (1991). In

this sense, the existence of specific polyunsaturated fatty acid (Nordby et al.,

1981; Jabaji-Hare, 1988; Pacovsky, 1988; Pacovsky and Fuller, 1988) and the

use of immunological methods together with other advanced techniques for

mycelial length quantification such as image analysis (Sylvia, 1990) might be of

great importance in future research.

4.2. EFFECTS OF THE AM SYMBIOSIS ON THE N NUTRITION OF

PLANTS

4.2.1. N transport by extraradical AM fungal hyphae

Inoculation with the AM fungi improved the N nutrition of the host plant in a two-

compartment growth system. The experimental compartmentation of roots and

hyphae allowed hyphae to be fed differentially from the roots and the

contribution of hyphae to the host plant N acquisition could be determined. The

increased N uptake of mycorrhizal plants resulted from hyphal contribution and

probably also from increased supply of N to the root surface by mass flow.

Higher N uptake by mycorrhizal plants with access to the hyphal compartment

was further indicated by depletion of 15N in the hyphal compartment. Cutting the

extraradical hyphae in the hyphal compartment from their roots adversely

affected the 15N uptake by maize. Our results support the view that AMF hyphae

may improve the capacity of higher plants to acquire inorganic N (Ames et al.,

1983; Barea et al., 1987; Johansen et al., 1992), but do not fully support the
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findings of Ames et al. (1983) that mycorrhizal plants derived more 15N from an

organic source than non-mycorrhizal plants. The study demonstrate that the

spread of external hyphae from roots colonized by mycorrhizal fungi varies

greatly with the fungal isolate used. The results also indicate that the hyphal

spread of AM fungi is an important factor influencing the fungal nitrogen supply

to the host plant. The increased N acquisition by mycorrhizal plants did not result

in improved plant growth, although the fungi may have absorbed nutrients from

the hyphal compartment not available to non-mycorrhizal plants. The mycorrhizal

contribution accounted for more than 30 % of total N uptake of mycorrhizal plants

and is mainly due to the low N fertilization. The absence of growth response to

mycorrhizal inoculation was presumably due either to high root densities fully

exploring the root compartment or to a suboptimal nutrient supply. The plants did

not show any symptoms of P deficiency, but the N supply was suboptimal

because typical nitrogen-deficiency symptoms such as an enhanced

senescence of older leaves (Marschner, 1986) could be seen. Hyphal access to

the outer compartments improved N nutrition and may have delayed senescence

in mycorrhizal plants. Lack of a mycorrhizal response (shoot dry weight) in small

pots with maize has also been documented by Kothari et al. (1991). However,

hyphal N transport may produce increased plant growth responses, when the

inorganic N source is less limited and ammonium is the prevailing form of N. At

low soil pH NH4+ may constitute a significant proportion of the inorganic N pool

because of low rates of nitrification. Ammonium is less mobile in the soil than

nitrate and AMF hyphae might contribute to the transport of ammonium towards

plant roots.

Dissimilarities in root morphology and physiology between mycorrhizal and non-

mycorrhizal plants (Koide, 1991) and increased populations of certain

microorganisms near the extramatrical hyphae of AM fungi in the soil

(Linderman, 1988) can complicate the study of nutrient transfer by mycorrhizas.

In section 3.2.1 (expt 1), such complications were minimized by including a

mycorrhizal control treatment in which hyphae were severed. Mycorrhizal roots

were equally colonized in both mycorrhizal treatments, but with a different

access to 15N. This comparison ensured that until the time of 15N application,

plant roots had all the characteristics of a mycorrhizal plant including the same

nutrient status. It can furthermore be assumed that the microflora other than the

external AMF mycelium in the hyphal compartment did not differ between the

disturbed and undisturbed treatments at the time of 15N application. There were
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no differences in water use of mycorrhizal plants compared to non-mycorrhizal

plants as determined by weighing the containers daily, indicating that increased

N uptake in mycorrhizal plants was not due to different mass flow rate between

mycorrhizal plants and controls. Since a nitrification inhibitor was not used in the

present study, microbial formation of N03"-N in the soil cannot be discounted.

Johansen et al. (1992) used a nitrification inhibitor to minimize the conversion of

applied NH4+-N into more mobile N03"-N so that differences in the availability of

the added N in mycorrhizal and non-mycorrhizal treatments due to mass flow

and diffusion would not obscure differences due to hyphal transport. An

additional experimental modification which can be used to provide a barrier to

soil water movement between hyphal and root compartments is the introduction

of a 2 mm air gap as described by Faber et al. (1991) and George et al. (1992).

There was a lag in the transfer of N from the fungus to the host plant (Fig. 15,

section 3.2.1), probably due to the N requirement for growth of the fungus. In

mycorrhizal plants the 15N enrichment in roots was significantly higher than the

15N enrichment in shoots 6 and 10 days after the application of 15N. Similarly, in

Table 7 (section 3.2.1) the 15N enrichment in roots was about twice that

measured in shoots, whereas 15N enrichments in roots and shoots in non-

mycorrhizal plants were similar. This may indicate that 15N-labelled N has

accumulated in the fungal tissues inside the roots before being translocated into

the shoots. Johansen et al. (1992) determined the 15N content in the extraradical

hyphae in hyphal compartments supplied with 15N and they showed that a

considerable part of the labelled N source was localized in the external hyphae.

The chitin-walled AM fungus may act as a strong sink for soil N and immobilize N

in the mycelium, preventing nitrate-leaching and denitrification. Total hyphal

length in the hyphal compartment was determined as 14400 m and hyphal dry

weight as 54.7 mg using a specific dry weight of 0.0038 mg m_1 (for conversion

factor see section 2.10.6). Using a N concentration in the extraradical mycelium

of 2.2 % (Johansen, personal communication), the hyphae in the hyphal

compartment contained therefore 1.2 mg N. This represents roughly 0.04 % of

total soil N calculated from a measured soil N concentration in the hyphal

compartment of 0.23 % N (dry matter).

Higher 15N uptake by mycorrhizal plants corresponds to a depletion of 15N in the

presence of undisturbed hyphae in the hyphal compartment at a distance of 4-6
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cm from the roots (Fig. 14, section 3.2.1). This is in agreement with the findings

from Johansen et al. (1992) and George et al. (1992) that mycorrhizal hyphae

may efficiently deplete the soil for N. The depletion of soil 15N by the external

hyphae may contribute to a reduction of N leaching from the root zone. In fact,

the total recovery of 15N in the soil-plant system with mycorrhiza was higher than

in the system without mycorrhiza (Table 6, section 3.2.1). Recovery of 15N was in

both treatments less than 100 %, indicating that leaching of nitrogen and

denifrification losses cannot be ruled out (Barraclough et al., 1984). Haines and

Best (1976) reported that the presence of AM fungi reduced the amount of nitrate

leached from soil cores, which could either be due to enhanced uptake by

mycorrhizas or to immobilization by microbes.

It is not clear in Figure 14 (section 3.2.1) whether the higher soil 15N level in

treatment III (hyphal cutting) compared to treatment I (control) is either due to

immobilization of 15N by decomposing microorganisms as a consequence of

death of truncated hyphae or due to enhanced immobilization of 15N by

producing new hyphae. Hyphae might have depleted the soil in the hyphal

compartment for ammonium before cutting, as a result of an increased

adsorption of the 15N-labelled ammonium in treatment III.

Our study suggests that quantities of N derived from an inorganic 15N source in

maize associated with different isolates of AM fungi can vary under the same

experimental conditions. G. intraradices and G. margarita transported about 30

% more 15N to the host plant than A laevis. The hyphal densitiy of A. leavis was

only half of that observed for the two other fungi (Fig. 16, section 3.2.1). This may

indicate that A. laevis was the most efficient of three fungi tested in the hyphal

transport of 15N per unit length of hyphae. The hyphal uptake and transport of

nutrients from the soil to the host plant may depend on various factors (see

Abbott and Robson, 1984). Jakobsen et al. (1992a) showed that the efficiency of

P transport by an AM fungus associated with Trifolium subterraneum L. was

affected by the spread of the external hyphae and possibly also by differences in

capacity for uptake by unit length of hyphae. Furthermore, hyphae must remain

metabolically active and functional with respect to N transport to the host.

However, reduction of metabolic activity takes place with time in the extraradical

hyphal system (Schubert et al., 1987). The proportion of active hyphal length of

A laevis might have been higher compared to the other two fungi. In our study,

only a small proportion of the extraradical hyphae is metabolically active during
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9 week of growth as shown in a previous experiment with G. intraradices by Frey

and Schuepp (1992).

The results using organic N (Table 8, section 3.2.1) do not provide conclusive

evidence of enhanced availability of organic N to AM fungal hyphae or to the

host plant. Data from the experiment with 15N-labelled plant tissue support the

findings of Ames et al. (1983) that mycorrhizal plants derived more N from the

applied 15N-labelled plant tissue than did the control plants. However, results

from the fungal material treatment did not show enhanced amounts of 15N

becoming available to maize associated with an AM fungus. This could be a

consequence of different C/N ratios (6-7 for fungal material as reported for T.

harzianum mycelium by Schnurer and Rosswall (1987) and 21-22 for plant

tissue (Schnurer and Rosswall, 1987; Ames et al., 1983)). The labelled plant

material used in this investigation did not decompose readily. This is shown by

the low plant availability (17 %) of N in the plant material, whereas the

availability to plants of labelled N in the fungal material was comparatively high,

with 29 % recovered in the plant on day 84. The high C/N ratio of the plant

material may have stimulated N immobilization by microorganisms, thereby

rendering the N unavailable for hyphal uptake. Alternatively, the low C/N ratio of

the fungal material might have led to a rapid mineralization and release of N into

the soil with subsequent translocation to plant roots. A large part of this N

transported to the roots could be attributed to mass flow during the long period of

15N exposure (84 d).

In the literature there is no evidence of organic breakdown by AM fungi, although

Ames et al. (1984) observed that mycorrhizal sorghum plants derived N from

sources less available to non-mycorrhizal plants. We suggest that organic N has

to be mineralized first by other microorganisms before it becomes available to

extraradical hyphae of AM. AM fungi are known to have the ability to assimilate

ammonium via glutamine synthetase (Smith et al., 1985). Information on nitrate

assimilation by AM fungi is scanty, although some nitrate reductase activity has

been shown in spores (Ho and Trappe, 1975) and roots (Oliver et al., 1983).

However, there have been no studies of nitrate assimilation by the mycelium.

Johansen et al. (1992) showed that AM fungal hyphae had a preference for

ammonium over nitrate in the pattern of N uptake. The assimilation of ammonium

consumes less energy than the assimilation of nitrate involving nitrate reduction
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(Bowen and Smith, 1981). Different responses to inorganic N sources between

G. mosseae and G. fasc/ci//aftvm-colonized plants were recently found by Azcon

et al. (1992). They suggested that in plants colonized by G. mosseae the fungus

may play an important role in the acquisition of nitrate by the plants, whereas G.

fasciculatum showed a preference for ammonium.

The results of this study demonstrate the ability of mycorrhizal hyphae to

transport N over considerable distances from the host plant. Disruption of the

hyphal network can have implications for N acquisition by the plant. The AM

fungi seem to be incapable of utilizing organic sources of nitrogen. The influence

of AM fungi on forms of soil N that are generally considered not to be available to

plants requires further investigation.

4.2.2. The role of AM bridges in interplant N transfer

All experiments described here provided evidence of 15N transfer from a legume

to a non-legume involving AM fungi. This is in agreement with earlier reports

showing that AMF mycelium can increase the transfer of 15N from soybean to

intercropped maize (Van Kessel et al., 1985; Bethlenfalvay et al., 1991; Hamel et

al., 1991a), from white clover to ryegrass (Haystead et al., 1988) and from alfalfa

to ryegrass (Barea et al., 1989). However, no such a role of AM fungi in N

transfer between alfalfa and bromegrass was found by O'Keefe and Williams

(1987) or by Hamel et al. (1991b) in studies of field grown soybean and maize.

All these earlier studies except for that of Bethlenfalvay et al. (1991) were carried

out in systems where roots were not separated by a root-free soil compartment.

In some cases a complete separation of the two root systems was not even

possible (Van Kessel et al., 1985). Analysis of N transfer between plants via AMF

hyphae is very difficult under these circumstances. Interposing a root-free zone

between the root systems of the donor and receiver plants reduces nutrient

transfer by the soil pool pathway and enables distinction to be made between N

transfer by mass flow and diffusion, and by means of mycorrhizal hyphae. In the

present study some very small amounts of 15N were transferred by means other

than AMF hyphae.

Differences in the morphology and physiology of mycorrhizal and non-

mycorrhizal plants can further complicate the study of nutrient transport by
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mycorrhizas (Koide, 1991). Findings from Hamel et al. (1991a) showed reduced

15N in the root exudates of mycorrhizal compared to non-mycorrhizal plants.

Complications of releasing more N compounds out of the roots influenced by

mycorrhizal infection could be resolved by a mycorrhizal control treatment in

which hyphae are restricted by a 0.45 p:m pore size membrane (membrane-

restriction treatment). In fact, Figure 18 (section 3.2.2) indicated that less 15N was

transferred to apple in the mycorrhizal control (II) treatment compared to the non-

mycorrhizal (I) treatment. Hamel et al. (1991a) suggested that the fungal

extension of mycorrhizal roots improved the recovery of the N lost by the plants.

Preliminary experiments indicated that the membrane did not impose a

significant diffusion barrier for N. Nitrogen compounds could diffuse across the

membrane in response to a concentration gradient. A similar membrane was

previously used in studies on P transport via AMF hyphae (Li et al., 1991a).

Furthermore the presence of a second symbiont, the N2-fixing rhizobia,

complicates the interaction of legume hosts and AM fungi. Mycorrhizas seem to

affect N2 fixation measurements by increasing nodule number, nodule dry

weight and nitrogenase activity in legumes (for review, see Barea and Azcon-

Aguilar, 1983). Using the 15N2 tracer technique, Kucey and Paul (1982a)

confirmed that mycorrhizal and nodulated faba beans fix more N2 than those that

are nodulated but non-mycorrhizal. Our results showed that all berseem plants

that were dually inoculated fixed similar amounts of 15N2 (Table 12, section

3.2.2). We deliberately aimed for this result in order to compare N transfer to a

non-legume from a mycorrhizal legume with unrestricted hyphal growth, without

the complication of having differences in N2 fixation due to inoculation with a AM

fungus. We also can assume that the legumes were releasing the same amounts

of root exudates into the soil due to their similar physiological status. However,

the amount of 15N in maize was different between treatments, suggesting that

nitrogenous exudate diffusion in the medium was not the only route for 15N

transfer from berseem to maize.

Active nutrient transfer in hyphae needs a living phase of the mycelium (Cooper

and Tinker, 1981). The viability of mycorrhizal hyphae in this study (expt 3,

section 3.2.2) was confirmed by incubation with iodonitrotetrazolium (INT). This

feature is undoubtedly important, as viable and non-viable hyphae may vary in

relation to the uptake of nutrients from soil and to their translocation to the plant

roots. Our data indicate that only 15-27 % of the total external mycelium length
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was active 11 week after mycorrhiza formation began. This agrees with the

results reported by Jasper et al. (1989) at 9 week.

The present work clearly demonstrates that, in spite of the 2 or 3 cm wide root-

free separating zone, the AMF mycelium is a significant pathway of 15N transfer

from a legume to a non-legume. However, the patterns of 15N transfer differed

between experiments (Tables 9 and 10, section 3.2.2). Calculation of the

amounts of 15N transferred involves assumptions that the 15N incorporated into

berseem has the same opportunity to be transferred to the non-legume as does

all other N in the plants. In particular, if the 15N is utilized in structural

components of the root or in the shoot, this will be less likely to be lost from the

roots (Giller et al., 1991).

The occurrence of nutrient flow between linked plants is likely to depend on

whether or not a physiological imbalance exists (Eason and Newman, 1990).

Ritz and Newman (1985) suggested a net transfer of nutrients following the

death of one plant as was demonstrated for P. Thus, the direction of nutrient

movement between plants is likely to depend on a source-to-sink relationship.

Findings from Bethlenfalvay et al. (1991) indicated that occurrence of N transfer

from neighbouring soybean plants to maize may be driven by such a

physiological imbalance. In our study, differences in the N demand of receiver

plants might influence the pattern of 15N transfer. A large difference in tissue N

concentration between berseem and apple was sufficient to set up a source-to-

sink relationship suggesting a mycorrhiza-mediated net transfer of N from

berseem to apple. Our data showed that shoot growth responded strongly to

fungal colonization. This is in agreement with an earlier report by Miller et al.

(1989). This growth stimulation probably caused a strong demand for N in

mycorrhizal apple. Likewise, the different developmental stages of apple and

maize might have affected their demand for N. The apple plants were 49 d old

when the 15N-labelling of the berseem was started compared to 14 d old maize.

Mycorrhizal hyphae may also improve the efficiency of transfer of symbiotically

fixed N from berseem to physiologically younger maize as shown by 15N2

labelling the legume (Table 12, section 3.2.2). The low recovery of 15N in the

plants and the low 15N enrichment in the enclosed atmosphere in the 15N2-

experiment may be a consequence of dilution with 14N2 from the atmosphere,

and indicated that the incubation chambers or the seal at the necks of the bags
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were not completely gas-tight. However, our data demonstrate that the legume

was satisfactorily enriched with 15N. The sensitivity of the 15N2 labelling allowed

detection of transfer of enriched N, but the amounts of N transferred were small

and in all cases less than 4 % of the 15N2 fixed by berseem. The even lower 15N

enrichment found in non-mycorrhizal maize may be the result of diffusion and

mass flow by N in root exudates from 15N-labelled berseem and also by free-

living N2-fixing microorganisms. N2 fixation in non-legumes associated with

diazotrophic bacteria was reported by Dobereiner and Pedrosa (1987).

Data of two of the three experiments did not only show an obvious benefit to the

receiver plants in terms of transfer of increased 15N, but also in the total plant N

content of mycorrhizal receiver plants. This increase in N content of the non-

legume may not be attributable entirely to mycorrhiza-mediated N transfer from

the legume, because AMF hyphae are known to play a role in the uptake of

NH4+ from soil and its translocation to the host plant (Johansen et al. 1992;

section 3.2.1). In the 15N2-experiment, no obvious benefit in total N accumulation

of colonized maize was found by associated N2-fixing berseem (Table 12,

section 3.2.2). However, the maize was apparently not N-deficient and it is likely

that N supplied by the nutrient solution was adequate. A higher demand for N by

the receiver might influence the pattern of N transfer and N-deficient maize could

benefit more strongly from mycorrhiza-mediated N transfer.

From these experiments it is difficult to say which mechanism was the major

pathway for 15N transfer. Considering the relatively short time from 15N labelling

until harvest, it can be assumed that a slow indirect transfer, through

mineralization of nodules and plant material with subsequent release into the

soil (Vallis et al., 1967), could play a minor role. The role of direct mycorrhizal

links in this interplant N transfer remains to be evaluated. Evidence has been

presented that direct mycorrhizal links between roots are involved in P transfer

(Francis et al., 1986; Newman and Ritz, 1986). This requires that nutrients pass

directly from the host root tissue to its internal fungus. A role of direct links in N

transfer cannot, however, be confirmed by the present study. Smith and Smith

(1990) focused attention on a bidirectional movement of N from the host to the

fungus at the symbiotic interface. However, findings from Hamel et al. (1991a)

and Johansen et al. (1992) indicated that N efflux from host to fungus at this site

is of little significance. They suggested that hyphal N transfer is one-way, i.e.

from soil to host plant only, and not in the opposite direction. It is therefore
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possible that the pathway of N transfer between plants involves leakage of N

from roots of the legumes and its subsequent uptake and transport by the

mycorrhizal hyphae.
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5. CONCLUSIONS

The data of the present work reinforced the difficulties to estimate mycorrhizal

biomass in the roots and soil because of complete separation and subsequent

analysis is often impossible. The EME technique allowed easy collection of very

clean material adequate for analytical purposes. The lack of cleanliness in EME

samples from natural soil samples together with the technique's lack of

specificity for AMF mycelium makes this protocol less useful for chemical studies

of field-collected AMF mycelium.

The measurement of fungus-specific compounds proved to be better techniques

than microscopical approaches to determine mycorrhizal biomass in pot

experiments. However, despite the attraction of chemical methods, they should

be used in conjunction with properly chosen direct observation methods for

determining mycelium lengths as previously suggested by Parkinson and

Coleman (1991). Ergosterol analysis seemed to be a useful technique for the

determination of intraradical AM fungal biomass, or for cleaned extraradical

mycelium. High ergosterol production by the fungus have occurred primilarly

during the active phase of colonization, suggesting that ergosterol provides a

good correlation with the viable fungal mass. Assuming a chitin content of

extraradical and intraradical hyphae would be equivalent, the amount of fungal

tissue in colonized roots would represent 7.4 % of the root sample. This estimate

supports the findings from Hepper (1977) that mycorrhizal root colonization may

constitute up to 16 % of the root dry weight representing a considerable pool of

temporary immobilized nutrients within mycorrhizal biomass.

The present work confirms the usefulness of stable isotopes in studies of nutrient

transport by fungal hyphae and of the compartmentation of soil volumes

containing roots and hyphae and hyphae only. This hyphal buffer compartment

allowed the hyphae to be fed differentially from the roots and minimized the

movement of the applied N source to roots by mass flow and diffusion. The

experimental system also appeared to be generally useful for characterizing

growth patterns and nutrient uptake characteristics of extraradical hyphae of

arbuscular mycorrhizas as influenced by fungus, host and soil. The isolate of

Glomus intraradices used here in symbiosis with maize was able to absorb N

from the soil and transport part of it to the host plant, over a distance of 5 cm.

Disruption of the hyphal network can have implications for N acquisition by the
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plant. The efficient depletion of soil 15N by the external hyphae may contribute to

a reduction of N leaching from the root zone or may affect the growth and

ecology of other groups of soil microorganisms.

On the basis of the results of the present investigation and earlier works it can be

concluded that mycorrhizal mediation of transfer of symbiotically fixed nitrogen

by a legume to a non-legume can occur in a mixed cropping regime. The

amounts transferred by this mechanism do not contribute markedly to total N

nutrition of the non-legume and are unlikely to be of agronomic significance.

These results support the findings of other researchers (Van Kessel et al., 1985;

Haystead et al., 1988; Barea et al., 1989; Bethlenfalvay et al., 1991; Hamel et al.,

1991a), though they contrast with previous reports which showed no evidence

for N transfer in the presence of the fungus (O'Keefe and Williams, 1987; McNeill

and Wood, 1990; Hamel et al., 1991b).

In order to maximize such benefical associations it is important to identify the

pathways of N transfer. From this study it cannot be concluded which mechanism

was the major pathway for 15N transfer. Considering the relatively short time

from 15N labelling until harvest, it can be assumed that a slow indirect transfer

(Vallis et al., 1967), through mineralization of nodules and plant material with

subsequent release into the soil, could play a minor role. A role of direct hyphal

transfer by which N could be transported through the mycorrhizal hyphae from

one plant to another cannot be confirmed by this work and remains to be

evaluated. In this case the common AMF mycelium physically links two or more

root systems and acts as a transfer route for N. One question that arises is what

factors control the direction and magnitude of N transfer. Indirect transfer by

which N has leaked out or been exuded by one root system into the soil is

absorbed by AMF extraradical hyphae and transferred into the root system of

another plant. This mechanism does not require the existence of direct hyphal

links between root systems. In fact, the fungi could be simply a functional

extension of one root system which is competing for nutrients with another root

system (including its AMF hyphae). Therefore, arbuscular mycorrhizas enhance

the transfer by increasing the absorption efficiency of receiver plant root system.

This would not only facilitate effective transfer of N from a dying plant to other

associated roots but also would restrict losses of N to the general soil microbial

communities.
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Experiments were carried out under laboratory conditions and thus, data of the

present work reflect the mycorrhizal status of the host plant under artifical

conditions. Results of root container experiments do not provide clear evidence

to which extent crop plants in the field depend on their mycorrhizas for N uptake.

Restriction of root growth, soil sterilization and absence of fungus-feeding soil

microorganisms did not reflect realistic conditions. However, there is no direct

test for the actual mycorrhizal contribution in the field. This is simply because in

the field non-mycorrhizal control crops (expect non-mycorrhizal plant species)

are impossible to obtain experimentally without inducing major microbial and

nutritional changes in the soil. Attempts to predict the behaviour of a fungus

under field condtions should include a detailed study of its interaction with the

soil environment, including competing indigenous mycorrhizal fungi.

Rhodes and Gerdeman (1980) stated that the function of AM fungi in plant N

acquisition would probably be of little significance since nitrate is the principal N

source in most agricultural soils and is transported to the roots mainly by mass

flow. However, in soils with a low rate of nitrification when the relatively immobile

ammonium is the major form of mineral N, under dry soil conditions when root

N03" uptake is limited by impaired soil solution mass flow and under conditions

with strong competition for soil N with other plants and microorganisms,

colonization by AMF might be advantageous for plant growth. The possible

contribution of AM fungi in plant productivity by increasing the efficiency of plant

in the uptake of N from the soil are economically quite promising for the

agriculture. The AM fungi can reduce the amount of N fertilizer needed which will

decrease the cost of production and at the same time it will reduce the leaching

of nitrate which will otherwise be the cause of nitrate pollution of ground water. In

the present study, the beneficial N responses have been achieved in poor

growth medium (agricultural soils). However, in high-input agricultural systems a

mycorrhiza effect would be less pronounced. The value of AMF to improve the

efficiency of plants to use limited amounts of fertilizers and to ensure the

sustainability of crop yields lies in low-fertilized soils. Therefore, the usefulness

of AM is especially appropriate to the development of sustainable systems of

agriculture (Mosse, 1986).

Results obtained in this study showed for the first time differences between

isolates of AM fungi in terms of their ability to improve N uptake by plants.

Differences among isolates of AM fungi in the density of hyphae in soil may be
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as important as differences in the capacity for uptake by unit length of hypha

when selecting fungi that are effective at increasing nutrient uptake to reduce

dependence on inorganic fertilizers. For an effective plant-fungus association

fungal isolates beneficial to plant growth should be selected and introduced in

areas with unefficient isolates. Selection systems in the past have selected for

mycorrhizal fungi that can tolerate high nutrient levels, but which may not

beneficial to the plant. An inoculated effective fungal isolate must be able to

establish themselves in the root and rhizosphere. The introduced fungi are

mostly outcompeted by indigenous AM fungi and their spread in the rhizosphere

decreases. Therefore, the understanding of the root colonization mechanism,

recognition of different factors controlling it, and the determination of the

significance of its interaction with other microorganisms are of great advantage
in the agronomic utilization of plant growth promoting characters of AM fungi.
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6. SUMMARY

Arbuscular mycorrhizas are increasingly recognized to be a significant factor of

improved productivity in low-input agriculture, particularly for crops growing

under adverse environmental conditions or under stress. Nitrogen is the key

element that limits the plant productivity. The production of N fertilizers is

expensive and costs a lot of energy. To decrease the absolute amount of

fertilizer needed, it is necessary to increase the efficiency of fertilizer N use by

crops. The supply of N could be then suboptimal for plant growth in less

intensive agricultural management. It is therefore necessary to estimate the

importance of AM fungi for the N use by crops. Data on mycelial biomass are

also important to our understanding of the contribution made by the symbiotic

fungi in temporary N immobilization to reduce loss of N from the root zone.

Pot experiments were performed with the AM fungus Glomus intraradices to

elaborate biochemical parameters for reliably determining mycorrhizal biomass

in the roots and soil. Ergosterol was identified for the first time by gas

chromatography-mass spectrometry in roots of berseem (Trifolium alexandrinum

L) and sweet maize (Zea mays L.) colonized with the AM fungus. The fungal-

derived compound ergosterol was determined quantitatively in root extracts

using reverse-phase high performance liquid chromatography. The

concentrations of ergosterol in AMF-colonized roots increased up to 72 jig g_1

dry material in berseem and 52 ug g*1 in sweet maize after 80 d of growth,

whereas concentrations in non-colonized roots remained below 8 jig g"1 dry

weight. Ergosterol, as a characteristic fungal substance, was proposed as an

indicator of fungal biomass in the early stages of AMF colonization.

A greenhouse experiment was carried out in order to compare microscopic

estimations of hyphal length with chitin or ergosterol content of the AM fungus

Glomus intraradices. Red clover (Trifolium pratense L.) either inoculated or not

with Glomus intraradices was grown in 30 ml plastic cylinders referred to as

inoculum compartments (IC) containing the inoculum. The bottom of the IC was

removed and substituted with a 40 u.m nylon net which allowed the passage of

mycorrhizal mycelia, but prevented roots passing through. Two ICs were placed

in a larger 200 ml pot filled with washed sand of particle size ranging from 100 to

1000 u.m. This design provided a root-free substrate (RFS) surrounding the IC

from which AMF mycelium was collected using the extraradical mycelium
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extraction (EME) technique. The mycelia collected were used for chitin and

ergosterol analysis and the mycelial length was also determined. Root

colonization, chitin and ergosterol content in roots were also determined. Good

correlations were found between the two biochemical parameters (ergosterol

and chitin content) and hyphal lengths in the RFS. Mycelial lengths in the RFS

averaged 4.3 m g"1 growth medium. The concentration of chitin and ergosterol in

extraradical mycelia collected from the RFS averaged 0.29 u.g nrr1 and 0.24 ng

nr1, respectively. Considerably higher values of both substances were obtained

from colonized roots growing in the IC, averaging 5.7 mg chitin g"1 root dry

weight, and 11.09 u.g ergosterol g"1 root dry weight, indicating that most of the

mycorrhizal biomass is located within the root domain. Assuming a chitin content

of extraradical and intraradical hyphae would be equivalent, the amount of

fungal tissue in colonized roots would represent 7.4 % of the root sample.

Experiments were performed to examine the ability of AM fungi to take up N from

soil and transport it to the host plant. Zea mays L. associated with Glomus

intraradices or left uninoculated was grown in containers which were divided by

a nylon net into a root compartment and a hyphal compartment. A 40 urn pore

size nylon net was used to exclude plant roots while allowing fungal hyphae to

grow into soil confined by the net. 15Nitrogen tracer was supplied either as

inorganic N or as organic N to the hyphal compartment at a distance of 5 cm from

the net. The study demonstrate that inoculation with the AM fungus increased the

15N content of maize compared to the non-mycorrhizal controls in low-fertilized

soils when N was applied as (15NH4)2 SO4. However, there was no conclusive

evidence that AMF hyphae could derive N from organic 15N sources. Most of the

increased N uptake of mycorrhizal plants occurred by hyphal transport from the

hyphal compartment to the root compartment. Higher N uptake by mycorrhizal

plants with access to the hyphal compartment was indicated by depletion of total

15N in the soil of the hyphal compartment. This study is the first to demonstrate

that cutting the extraradical hyphae in the hyphal compartment in order to sever

their connection with the host roots decreased the 15N uptake of the maize

plants. N transport by extraradical hyphae of three AM fungi, G. intraradices,

Acaulospora laevis and Gigaspora margarita associated with maize, was further

investigated. The results indicated for the first time that different isolates of AM

fungi differ in the efficiency in hyphae N transport as a consequence of the

different patterns of hyphal spread in the soil or of the different capacity for

uptake by unit length of hypha.
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Experiments were carried out to study the transfer of N from berseem (Trifolium

alexandrinum) to associated non-legumes via the hyphae of AM fungi using 15N

as tracer. A special cuvette-membrane system was used to study the effects of

restricted and unrestricted hyphal growth between the legume and the non-

legume on N transfer. The roots of berseem plants, either inoculated with

Glomus intraradices or non-inoculated, were separated by a 3 cm root-free zone

from the roots of the non-legume.

In a first experiment, a split-root technique was employed to label the legume

with 15N. Maize was chosen as the non-legume. In the second experiment apple

was the non-legume chosen. The legume was labelled with 15N by injection into

the leaf petioles of berseem. Both methods of 15N-labelling of the legume were

effective in enriching all plant parts with 15N. Transfer of 15N from berseem to the

non-legume colonized by the AM fungus was significantly higher than in the non-

colonized non-legume over a 28 d period. However, the patterns of 15N transfer

differed between the two experiments. By correcting the value of 15N in

mycorrhizal receiver plants for the background values in the corresponding non-

mycorrhizal treatments, 4.7 % of the 15N content of berseem was transferred to

apple. In contrast, the amounts of 15N transferred to mycorrhizal maize were

smaller with 0.1 % of the 15N derived from berseem.

In order to examine whether hyphae of AM fungi may aid the transfer of

symbiotically fixed N from a legume to a non-legume, the roots of berseem plants

inoculated with Glomus intraradices and Rhizobium leguminosarum were

separated using the same cuvette-membrane system. When the berseem plants

were 63 d old, the plant chambers were sealed in plastic bags to allow the roots

of the plants to be exposed to a 15N2-enriched atmosphere for 5 d. At harvest,

the total 15N excess content of berseem was similar whether or not the fungus

had access to the maize roots. Plant mass of maize was not affected by the

mycorrhizal fungus, but total N content tended to be higher in AMF-colonized

maize than in non colonized maize. Furthermore, both atom % 15N excess and

15N excess content of mycorrhizal maize were significantly increased as

compared with non-mycorrhizal maize or with maize controls without berseem.

The amounts of 15N transferred were small, accounting for less than 4 % of the

15N in the N2-fixing plant. In spite of the 2 cm root-free separating zone, the

presence of the mycorrhizal fungus in the non-legume increased the transfer of

symbiotically fixed N from berseem to maize plants.
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