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Nitrogen acquisition, transport and metabolism in intact ectomycorrhizal associations

studied by ISN stable isotope techniques.

Introduction

General aspects of the ectomycorrhizal association

In the temperate region most trees form ectomycorrhiza; a symbiotic association between

plant roots and soil fungi. The fungal partners are mainly Basidiomycetes and

Ascomycetes and, much more rarely, Endogonaceae (Harley J.L. & Smith S.E. 1983).

Typically the fungi cover the root with several layers of hyphae and also grow in between

the cortical cells to form a Hartig net. The Hartig net constitutes an important area of

contact between the fungus and the root cortical cells and most exchange is considered to

take place in this part of the mycorrhiza (Dexheimer & Pargney 1991). The fungi gaines

carbohydrates from the plant while much of the plant nutrient uptake is mediated through

the fungi. From the ectomycorrhizal root tip, hyphae radiate out into the soil matrix. The

diameter of a hyphae is typically 2-4 (am while the diameters of root hairs are commonly

in excess of 10 ^m thus the hypha can penetrate micropores in soil and organic matter

that are not accessible to root hairs (Bowen 1973). Further, the ratio of total hyphal length

to root length can be 10s:! (Read 1991). The distribution of hyphae and the enormous area

of absorbtive hyphal surfaces can thus, to a large extent, explain the increased uptake of

immobile ions often seen in ectomycorrhizal plants. However, the fungus is not just an

extension of the plant root. Studies have shown that trees, when infected by

ectomycorrhizal fungi have access to organic nitrogen (Abuzinadah & Read 1989 a, b,

Finlay el al. 1992). Mycorrhizal symbiosis might thus partly eliminate plant dependency

on saprophytic mineralization of nitrogen and thereby short-circuit the nitrogen cycling

loop (Pankow et al. 1991). However, the ability of ectomycorrhizal fungi to utilize organic

nitrogen varies between different fungi and also between different isolates of the same

specie (Finlay et al. 1992). Ectomycorrhizal fungi also differ in growth characteristics e.g.

growth rate, mycelial strand formation, amount of extramatrical hyphae, drought

resistance, temperature response (Bowen & Theodorou 1973, Bowen 1973, Marx 1981).

Typically a root-system is infected by several different mycorrhizal fungi (Dahlberg &

Stenström 1991, Deacon & Fleming 1992;. This situation reflects the high heterogeneity of

the soil environment and confers a great potential advantage on the tree in that it becomes

infected by a set of mycorrhizal fungi with different growth characteristics and nutrient

uptake capabilities.

The rates of nitrogen mineralisation in the litter of many forests are, due to low

pH, low temperatures and high C:N ratio, so slow that nitrogen characteristically becomes



the growth limiting factor (Read 1991). The focus of this thesis is on the external

mycelium and its role in nitrogen uptake, assimilation and translocation. The 15N stable

isotope has been the tool.

Nitrogen nutrition in ectomycorrhizal systems

Uptake: Ammonium is preferentially absorbed by most ectomycorrhizal fungi and by

many woody plants from a solution containing both ammonium and nitrate e.g. Picea

abies, Pinus sylvestris and Betula pendula (Ingestad 1976; Ingestad 1979; Bowen & Smith

1981; Marschner et al. 1991; Flaig & Mohr 1992). Ammonium uptake is passive, driven

by an electrochemical potential gradient, although probably facilitated by a specific carrier

(Lewis 1986). The uptake kinetics in Laccaria bicolor, Lactarius rufus and Lactarius

hepaticus point to the involvement of a single-site carrier in NH4
+ uptake. The apparent

uptake Km ranges from 6.4 to 55.2 nM N H / for the different fungi (Jongbloed et al.

1991) while in the non-mycorrhizal fungus Aspergillus nidulans the Km is 20 nM NH4
+

(Pateman & Kinghorn 1976). In Picea abies and Pinus radiata the apparent uptake Km are

approximately 10 and 15 |iM NH4
+, respectively (estimated from Marschner et al. 1991;

Flewelling 1979).

Nitrate uptake is an active (energy-requiring) process (Salsac 1987). Plants which

have been starved of nitrate absorb this ion only slowly when first reintroduced to it and it

takes a few hours for the maximum rate of absorption to be re-established (Lewis 1986).

This implies a low constitutive level of the transport system. In fungi, however, there does

not seem to be any constitutive level of the transport system. The induced carrier is highly

labile and the induction and repression of the carrier is not co-ordinated with the induction

and repression of nitrate reductase (NR), thus the uptake system and NR are two distinct

systems (Goldsmith et al. 1973; Clarkson 1986; Tomsett 1989). The apparent uptake Km

for Cenococcum geophilum, Penicillium chrysogenum (a non-mycorrhizal fungus) and

Picea abies was 46, less than 10 and 200 ^M NO3 , respectively (Martin & Botton 1993;

Goldsmith et al. 1973; Peuke & Tischner 1991). Thus, potentially ectomycorrhizal fungi

may be able to scavenge ammonium and nitrate to lower concentrations than the host

plant. This mechanism certainly merits more attention. Experiments similar to those of

Marschner et al. (1991) but comparing mycorrhizal and non-mycorrhizal plants would be

illuminating.

Mycorrhizal fungi accumulate low amounts of NO 3 , maximum levels are about 8

mM (Plassard et al. 1991). In Paper IV the nitrate concentration in the external mycelium

of P. involutus was 0.05-1.7 mM (assuming a mycelial d.w. of 15%). In free living

Cenococcum geophilum NH4
+ concentrations were estimated to range from 1.5 to 4 mM

(Martin & Botton 1993) the corresponding value for the external mycelium of P. involutus

was 3.6-4.7 mM (Paper IV). Ammonium can be toxic to plants and thus it is not
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accumulated. This toxicity appears to have several causes: ammonium uncouples

photophosphorylation at concentrations as low as 2 mM, thus severely restricting ATP

production in leaves (Lewis 1986) it also inhibits starch, protein and chlorophyll synthesis

and saturdtes membrane lipids whereby the membrane becomes more permeable (Boxman

& Roelofs 1987 and references therein).

Uptake and assimilation of ammonium also give rise to a production of H+ which

has to be exported into the medium. At a pH lower than 9 a passive H+ influx into the

root takes place. In very acid soils the capacity of the proton extrusion pump will be

largely used for the neutralization of the passive H+ influx. The ability to excrete

additional protons can then be small, thus pH control is no longer possible and internal

acidification of the plant will occur (Gijsman 1990).

Assimilation: NO3 is reduced by nitrate reductase (NR) to form NO2' which then is

immediately further reduced by nitrite reductase (NiR) to NH4
+. The reduction sequence

requires the energy equivalent of 15-16 ATP molecules (Salsac et al. 1987). It is

considered that the entire reaction occurs on the enzyme without the release of nitrogen

compounds of intermediate redox state e.g. hydroxylamine and hyponitrite (Lewis 1986).

In plants NR is generally assumed to be the key regulatory enzyme of the entire nitrate

assimilatory pathway. NiR activity usually exceeds that of NR, thereby preventing a toxic

accumulation of nitrite (Friemann et al. 1992). In Hebeloma cylindrosporum NiR has two

aparent Km values 13 and 350 nM NO2 thus NiR probably has two types of binding sites

for NO2" (Martin & Botton 1993). This could make the enzyme responsive to a large

concentration range.

In birch NR activity is repressed by NH4
+ and induced by NO3\ The induction is

strictly dependent on light (Friemann et al. 1992). However, NH4
+ has no effect on NR

activity in Piloderma croceum, the E-strain fungus, Suillus variegatus, Cenococcum

geophilum and Paxillus involutus (Sarjala 1990). Km for NR in H. cylindrosporum and in

plants is 150 and 100-500 uM NGy, respectively (Martin & Botton 1993; Stewart et al.

1989). In Neurospora crassa and Aspergillus nidulans (both non-mycorrhizal fungi) nitrate

reduction is under the control of nitrogen metabolite repression i.e. the pathway is only

switched on when glutamine is absent (Tomsett 1989).

Ammonium from the reduction of nitrate or from external uptake is assimilated to

form amino acids following two pathways which are not mutually exclusive. The

glutamate dehydrogenase (GDH) and glutamine synthetase-glutamate oxoglutarate

aminotransferase (GS-GOGAT) pathways (Fig. 1). The incorporation of ammonia into a

carbon skeleton by the GS-GOGAT pathway or by GDH consumes 5 and 4 ATP

equivalents, respectively (Salsac et al. 1987; France & Reid 1983).



GDH is considered the main enzyme of ammonium assimilation in most fungi.

However, there are conflicting evidence especially in mycorrhizal fungi (Kershaw &

Stewart 1992) where GS seems to operate in co-operation with GDH or GOGAT or with

both. In at least some non-mycorrhizal fungi the GS-GOGAT cycle operates in

conjunction with GDH (Kusnan et al. 1989; Schwartz et al. 1991). There are two forms of

GDH, a NAD dependent GDH thought to work mainly in glutamate catabolism and a

NADP dependent GDH considered to operate mainly in glutamate synthesis (Plassard ei

al. 1991). In Laccaria bicolor and Cenococcum geophilum NADPH-GDH showes

nonlinear kinetics with a lower Km value of 2 mM NH4
+ (Ahmad et al. 1990; Martin et al.

1983). In plants, the Km of GDH is about 5 mM NH4
+ and NH4

+ concentrations in plant

cells never approach this level (Lewis 1986). In free living C. geophilum NH4*

concentrations are estimated to range from 1.5 to 4 mM and consequently the Km value

observed would allow GDH to play a significant role in ammonia assimilation (Martin &

Botton 1993). Numerous experiments, using both radioactive 13N and stable I5N, have

established that the major ammonium assimilation pathway in plants is the GS-GOGAT

cycle (Lewis 1986) and there is still little direct evidence relating to the function of GDH

(Joy 1988). It is important to stress that the operation of the GS-GOGAT cycle both

maintains the cycle and results in a net production of glutamate. The K,,, of GS is 2-50

\iM NH4
+ (Bowen & Smith 1981) and the Km of fungal GOGAT is 280-1000 nM

glutamine (Martin & Botton 1993).

Distribution of nitrogen assimilation between fungus and plant: If nitrogen assimilation

took place entirely in the fungus then there would be an exchange of sugar from the host

for fungal products such as glutamine or glutamate. There are however other possibilities

(Martin et al. 1986; Smith & Smith 1990; Chalot et al. 1991; Martin & Botton 1993). In

Fig 2a the GS-GOGAT cycle is portioned between the two symbionts with a

glutamine/glutamate shuttle across the interface, leading to a net gain to the root of

organic N as glutamate. In Fig 2b the GS-GOGAT cycle operates within the fungus and

glutamine crosses the membrane in exchange for sugars. Fig 2c shows the sequential

action of GDH and GS in the fungus and then again glutamine crosses the interface in

exchange for sugars.

NO3 could either be reduced directly in the hyphae at the uptake site and the

product N H / processed according to the schemes outlined above or NO3 could be

translocated to and across the root/fungal interface. The reduction would then occur mainly

in the plant root and there may be a net flow of organic nitrogen from host to fungus

(Smith & Smith 1990).
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Fig.l. Nitrogen assimilation pathways in plants and fungi
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Fig. 2. Distribution of nitrogen assimilation between fungus and plant. In (a) the
GS-GOGAT cycle is panioned between the two symbionts with a glutamine/glutamate
shunle across the interface. In (b) the GS-GOGAT cycle operates within the fungus and
glutamine crosses the membrane in exchange for sugars. In (c) ammonium is assimilated
via the sequental action of GDH and GS in the fungus and again glutamine crosses the
interface in exchange for sugars. Redrawn after Smith & Smith 1990 and Martin & Botton
(1993).



There is evidence for the operation of both GS-GOGAT and NADP-GDH/GS

pathways in different ectomycorrhizal fungi in pure culture. NH4
+ assimilation in

Cenococcum geophilum and Hebeloma sp. operates mainly through the sequential action of

GDH and GS (Genetet et al. 1984; Martin 1985; Martin et at. 1988; Dell et al. 1989).

However, Pisolithus tinctorius assimilate ammonium via the GS-GOGAT cycle with no

significant role played by GDH (Kershaw & Stewart 1989, 1992).

In association with plants there is evidence for both pathways operating in different

species combinations. In excised beech root tips infected with Lactarius sp. and Russula

sp. NH4
+ assimilrtion occurs mainly via GS-GOGAT pathway with little contribution if

any from GDH (Martin et al. 1986). However, excised Picea excelsa root tips infected

with Hebeloma sp. assimilate NH4
+ through the sequential activity of GDH and GS

(Chalot et al. 1991).

One criticism that could be raised against most studies of ammonium assimilation

in mycorrhizal fungi, the present thesis included, is the high concentration of ammonium

used. Apparently NADP-GDH in mycorrhizal fungi has a significantly higher Km than GS

thus unrealistical'y high NH4
+ concentrations may distort the results. Givan (1979) also

argues that plants have two ways of dealing with excess NH4
+ concentrations i) simply

accelerating the rate of nitrogen assimilation via the usual pathway or ii) supplementing

the normal pathway by additional ammonia-utilizing reactions and in plants both these

mechanisms seem to operate (Rabe 1990).

Methods

Instrumentation

Gas chromatography: In gas-liquid chromatography (GLC) the separation of individual

compounds results primarily from differences in their affinity for the stationary phase. The

stationary phase is a liquid spread over the surface of a solid support in a tube and the

mobile phase is an inert gas, commonly H2 or He. Fused silica capillary columns, 25 m

long and with an inner diameter of 0.2 or 0.3 mm coated with a non-polar or slightly polar

bonded stationary phase, are often used. The sample is introduced to the column through a

heated inlet (injector) hot enough to flash evaporate the sample. Eiuting compounds are

detected by a flame ionization detector (FID). FID has a wide linear range, a high

sensitivity and it is quite reliable. It consists of a hydrogen-air flame polarized in an

electrostatic field. The flame ignites and ionizes the combustible sample components as

the carrier gas passes into it, after which the ions are collected at the electrodes, producing

a current. The limitations of GC techniques are primarily determined by the thermal

stability of the sample. To be suitable for GC analyses the sample, or a derivative of it,

must be thermally stable at the temperature required for volatilization. Generally, one is



restricted to an upper temperature of 400 °C and a molecular weight of less than 1000.

Mass spectromeiry: When a gas-chromatograph (GC) is coupled to mass-spectrometer

(MS) the result is an instrument that combines the excellent separation power of a GC and

the structural identity information that the MS offers. The capillary tubing of a GC is led

into the ion source of a MS where the eluting compounds are ionized. The ionization is

often followed by fragmentation of the molecule. The fragments are separated in the mass-

analyzer according to nass and detected by an electron multiplier. There are two main

ionization methods, electron-impact ionization (El) (Paper III & IV) and chemical

ionization (CI) (Paper l-III). In El the eluting compounds are ionized by an electron beam

which has an energy of 70 eV. The high energy of the elections often causes strong

fragmentation of the molecule producing a complicated spectrum. In CI the ionization is

mediated by low energy ions formed by a reactant gas often NH3 or CH4. This is a soft

ionization method that often gives abundant [M+lF pseudo-molecular ions and a small

amount of fragmentation.

Stable isotopes

The usefulness of isotopic labelling lies in that the isotopes of an element are chemically

identical. Most fractionation of isotopes is due to physical phenomena caused by

differences in mass of the isotopes. Fractionation is generally below the detection limit for

GC-MS (Thompson et al. 1989). However, multiple deuterium labelled compounds can be

resolved from the corresponding unlabelled compound on GC (Löfstedt & Bengtsson

1988). The chromatographic peak of 13C or 13N labelled compounds should be scanned at

regular intervals throughout the whole peak and the calculated values averaged (Dunstan

1988). The chromatographic separation of isotope labelled compounds from unlabelled

compounds becomes more significant as the number of stable isotopes in the molecule

increases.

Stable isotopes occur naturally at abundances of approximately 1.11% for 13C,

0.37% for 15N, 0.20% for 18O, 0.034% for 17O and 0.015% for 2H (Stark & Wallace

1978). A mass spectrum consists of a molecular ion and fragment ions. The molecular ion

and each fragment ion are actually clusters of ions consisting of all the combinations of

isotopes possible for the atoms in each fragment. The spectrum of an isotopically labelled

compound will consist of intensities proportional to the number of isotopes present with

the naturally occurring isotope cluster imposed on top of it (Rohwedder 1985). Thus, to

determine the amount of label present it is necessary to correct for the naturally occurring

isotopes. 15N-isotope enrichment can be calculated from the area ratio of (/;<+l) to m using

the following equation (Campbell 1974): atom% excess=Rx(R+l)''xl00 where R is the

isotope ratio corrected for natural abundance contributions by subtraction of the isotope
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ratio of unlabelled standard from the isotope ratio of the labelled molecule.

Analysis

Amino acids: The common methods for separation and analysis of amino acids are HPLC

and ion exchange analysis. Although these methods are convenient and sensitive they are,

due to MS compatibility problems, not suitable for measurement of 15N enrichment in

amino acids, instead GC is the method of choice. Volatility of the amino acids for GC is

obtained by blocking the functional groups. Esterification and acylation are often the

preferred methods to increase volatility (Leimer et al. 1977). MacKenzie & Tenaschuk

(1974) developed a method based on the N-heptafluorobutyryl (HFB) /»-isobutyl esters. By

using these derivatives is it possible to separate all common amino acids and this method

was employed in Paper I and II. However, the method has one major inconvenience. The

simultaneous analysis of amino acids and dicarboxylic amino acid amides, such as

glutamine and asparagine is not possible. Under the strongly acidic conditions used in the

esterification step, glutamine and asparigine are rapidly deaminated and converted into

glutamic acid and aspartic acid, respectively. Since glutamine has a pivotal role in plant

nitrogen metabolism (Miflin & Lea 1976) this is a serious limitation. The most attractive

approach is instead offered by direct silylation. Successful GC methods to analyze

asparagine and glutamine and other proteic amino acids as the corresponding N(O)-

dimethyl-/m.-butylsilyl (TBDMS) derivatives have been developed (MacKenzie &

Tenaschuck 1985; Mawhinney et al. 1986). In addition, the TBDMS derivatives have very

characteristic El mass spectra, which make them very useful in sensitive GC-MS work and

for selected ion monitoring at the picomole level (Das Neves & Vasconcelos 1987). This

method was used in Paper IV.

Ammonium: Fujihara ct al. (1986) developed a convenient and sensitive method to

determine 15N in ammonium. The method consists of 3 steps; i) separation and purification

of ammonium by microdiffusion; it) derivatization of ammonium with pentafluorobenzoyl

chloride (PFBC1) to yield pentafluorobenzamide (PFBA); iii) determination of PFBA with

GC-MS. However, it was found that the alkaline conditions employed in the

microdiffusion step led to a partial hydrolysis of glutamine, liberating NH4
+ (Paper III).

The method was improved by omitting the microdiffusion step derivatizing ammonia

directly in the extraction medium. A post derivatization clean-up step and an internal

standard were also introduced, to alleviate interference from excess reagent and improve

quantification, respectively.

Nitrate: In Paper IV, l5NO3' was analysed according to the method of Tanaka et al.

(1985). The method is based on the nitration of 2-5ic.-butylphenol to form 4-nitro-2-£ic-
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butylphenol, which then is silylated by N,O-bis(trimethylsilyl)acetamide (BSA) to yield the

corresponding trimethylsilyl ester. The derivative is then analysed by GC-MS.

Summary of results and discussion

Uptake, assimilation, translocation and transfer ofNH4
+ and NO3'.

Melin & Nilsson (1952, 1953) studied nitrogen uptake and transfer in intact

ectomycorrhizal systems utilizing stable isotope techniques. They demonstrated tha.

nitrogen, added as NH4
+, was readily taken up and transferred by the ectomycorrhizal

fungus Boletus variegatus to the associated Pinus sylvestris plant. However, they did not

determine whether ammonium was transferred directly to the plant or if ammonium was

assimilated by the fungus prior to transfer.

In Paper I the assimilation of ammonium in Pinus sylvestris infected with

Rhizopogon roseolus, Suillus bovinus, Pisolithus tinctorius and Paxillus involutus was

studied. 15NH4
+ was added to the mycelium which had grown over a barrier into a

compartment to which plant roots had no access. Assimilation of 1SN into free amino acids

in mycelium, mycorrhizal root tips, root and shoot was determined after 72 hours.

Glutamate/glutamine, aspartate/asparagine and alanine were highly labelled in the mycelia

of all fungi with the exception that aspartate/asparagine was not present in P. involutus.

Except in P. tinctorius the labelling in the various amino acids declined throughout the

transport pathway.

The assimilation of ammonium and nitrate in Fagus sylvatica infected with P.

involutus were studied in a similar manner (Paper II). Either I5NH4
+ or I5NO3 was added

to a compartment to which only fungal mycelium had access. The labelling pattern in free

amino acids from the mycelium were very similar irrespective of whether 15N was

supplied as 15NH4
+ or 1SNO3. The highest labelling was found in glutamate/glutamine,

aspartate/asparagine, alanine and y-aminobutyrate (GABA).

Picea abies and Betula pendula were grown in association with P. involutus at

different substrate pH (Paper IV). 15N labelled NH4NO3 was added to a compartment to

which only P. involutus had access. No firm conclusion about pH effects on the

preferential uptake of ammonium and nitrate could be drawn. However, pH had a

pronounced effect on the mycelial growth of P. involutus which was severely hampered by

an elevated pH of 6.1 and to lesser extent at pH 5.1 compared to pH 4.O.

The results in paper I, II & IV, demonstrate an important role of the external

mycelium of P. involutus not only in the uptake but also in the assimilation of NH4
+ into a

variety of different amino acids, primarily glutamine but also glutamic acid, aspartic acid

and alanine immediately after uptake. The results indicate that NH/ is assimilated by

glutamine synthetase (GS) and glutamate synthase (GOGAT) in the mycelium at the

10
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uptake site.

The concentration of NH4
+ in the mycelium in the root compartment (Paper IV)

was approximately 4 mM thus the operation of GDH is possible, however, Sarjala (1991)

detected no GDH activity in P. involutus. The labelling pattern in this particular species

combination does not support the operation of the proposed scheme in which the GS-

GOGAT cycle is partioned between the fungal mycelium and the plant root (Fig 2a). If

this scheme were operational one would expect that the labelling in glutamic acid would

be higher in mycorrhizal tips than in mycelium. The labelling in glutamic acid would also

be higher in mycelium close to the mycorrhizal tips compared to mycelium further away

from the mycorrhizal tips.

When Pisolithus tinctorius, grown in association with Pinus sylvestris, was fed
15NH4

+ the labelling pattern was rather different (Paper I). The labelling in free amino

acids was actually higher in mycorrhizal tips than in mycelium. This could indicate that in

this species combination NH4
+ is not assimilated in the external mycelium but rather

transferred to the mycorrhizal root prior to assimilation. The 15N-labelling was highest in

glutamate/glutamine though aspartate/asparagine was the dominant amino acid in the

mycorrhizal root tips. Vezina et al. (1989) found that the GS activity was low and that

GDH and GOGAT activity was not detectable in extracts of P.tinctorius in pure culture,

furthermore, asparagine was the dominant amino acid in P. tinctorius infected Pinus

banksiana roots. Kershaw & Stewart (1992) however, presented conflicting evidence that

convincingly demonstrated that P. tinctorius assimilate NH4
+ via GS-GOGAT in pure

culture.

When the uptake of ammonium and nitrate was studied we found that ammonium

was preferentially taken up by P. involutus (Paper II & IV). This is in agreement with

results from pure culture studies where the growth rate of P. involutus was twice as high

with ammonium as the sole nitrogen source compared to nitrate (Finlay et al. 1992). When
15NO3" was added to the mycelium (Paper II) as the sole nitrogen source nitrate was

reduced in the mycelium and the product, ammonium, assimilated into amino acids. When

NH4NO3 was supplied to the fungal mycelium NO3' was taken up by the fungus and

transferred to the plant, however, apparently no assimilation of NO3' occurred in the

external mycelium (Paper IV). Ammonium or an assimilation product of ammonium such

as glutamine probably represses nitrate reductase (NR) but not NO3* uptake and transfer in

P. involutus. It appears that nitrate uptake is inducible by nitrate, even in the presence of

ammonium or glutamine, while NR is under the control of nitrogen metabolite repression

(Tomsett 1989). However, Sarjala 1990 found no effect of ammonium on NR activity in

pure cultures of P. involutus. This may either demonstrate large interstrain variability or

the fact that nitrate metabolism is modified when the fungus is associated with a plant.
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Effects of soil arthropods on mycelial growth and nitrogen uptake

Shaw (1988) studied the preference of the Collembola Onychiurus armatus for 8

ectomycorrhizal and 4 saprophytic fungi. He found that the palatability of the

ectomycorrhizal fungi varied greatly; ectomycorrhizal species representing both the most

preferred and least palatable fungi. Grazing on mycorrhizal fungi could potentially have

strong effects on the functioning of mycorrhiza. Severance of hyphal strands could have

negative effects on nutrient transfer between the symbionts. The lack of a positive plant

growth response in many VA-mycorrhizal field experiments as opposed to a frequently

found positive effect in laboratory experiments has been attributed to the negative impact

arthropods might have on the fungi (Fitter & Sanders 1992).

However, P. involutus nitrogen uptake and transfer to the associated mycorrhizal

pine was up to 76% higher when low numbers of collembolans were present compared to

when they were completely absent (Paper V). This was probably an indirect effect as P.

involutus hyphal growth rate and extramatrical biomass increased at a low Collembola

density. At high densities P. involutus hyphal growth rate was retarded. Similar non-linear

density dependent effects of Collembola on plant growth and plant phosphorus uptake

have been observed in VA-mycorrhizal systems (Finlay 1985, Harris & Boerner 1990).

Several possible mechanisms may act simultaneously to produce these patterns: i)

low grazing pressure may increase growth and metabolic activity of the fungi while high

grazing pressure could limit the development of the external mycelium and also disconnect

the external mycelium from the internal mycelium or sheath (Fitter & Sanders 1992). ii)

the Collembola might utilize a broader spectrum of food sources at high densities (Harris

& Boerner 1990) i.e. P. involutus is grazed only when other more palatable food sources

are grazed down, iii) selective grazing could change the microbial community structure

(Newell 1984a, b) i.e. the collembolans changed the microbial community into a less P.

involutus hostile community.
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