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New Phytol. (1996), 133, 273-280 
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by the extraradical mycelium of the 
arbuscular mycorrhizal fungus Glomus 
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SUMMARY 

The effect of the extraradical mycelium of the arbuscular mycorrhizal (AM) fungus Glomus intraradices Smith & 
Schenck on nitrate uptake and on the pH of the medium was studied in a monoxenic culture with tomato 
(Lycopersicon esculentum Mill. var. Vendor) roots obtained from root organ culture. The symbiosis was established 
in compartmented Petri dishes containing agar media amended with the pH indicator bromocresol purple. A 
pattern of pH changes was revealed as the symbiosis progressed in the media of the Petri dish compartments 
containing the dual, arbuscular-mycorrhizal fungi/root, culture as well as in the media of the hyphal, root-free 
compartments, in which the extraradical hyphae developed extensively, coming from the compartment containing 
the symbiosis. The colour changes in the media were measured spectrophotometrically, whilst maintaining the 
monoxenic conditions. The extraradical hyphae of G. intraradices strongly increased the pH of nutrient-free 
medium when supplied with nitrate, whereas the pH decreased in the absence of this N source. The hyphae 
developing from germinated spores and growing in axenic, nitrate-amended media did not induce any increase in 
pH. Nitrogen analysis revealed that a depletion of nitrate in the media accompanied increased pH. 

These results point towards an active uptake of nitrate by the extraradical mycelium of G. intraradices, probably 
coupled to a H+-symport mechanism. The pH changes induced by AM fungal hyphae and the possible influence 
of the establishment of a functional symbiosis on these pH changes are discussed. 

Key words: Glomus intraradices, extraradical mycelium, monoxenic culture, nitrate depletion, pH. 

INTRODUCTION 

Arbuscular mycorrhizas, the most widespread 
symbioses on earth (Harley & Smith, 1983), are 
receiving attention because of the increasing range of 
their application in practical fields as diverse as 
sustainable agriculture, reforestation programmes 
and ecosystem management (see Bethlenfalvay & 
Schiiepp, 1994; Barea & Jeffries, 1995). The special 
relationship established between plant and fungus in 
this association implies a high degree of structural, 
physiological and biochemical integration from 
which both partners benefit (Azcon-Aguilar & Bago, 
1994; Bago, 1994). The AM fungus derives carbo- 
hydrates from the host which, on the other hand, 

improves its mineral nutrition by means of a more 
effective fungal-mediated nutrient uptake through 
the external mycelial network (Harley & Smith, 
1983; Harley, 1989). 

Essentially, a mycorrhizal plant can be divided 
into three components which are physically and 
physiologically different: (i) the shoot and its 
photosynthetic system, (ii) the root containing the 
interfacial zones between plant and fungus and (iii) 
the mycorrhizal external mycelium which constitutes 
a new and increased surface for nutrient uptake by 
the mycorrhizal plant. 

In spite of its importan?e in biogeochemical soil- 
nutrient cycling in general (Jeffries & Barea, 1994), 
and in nutrient uptake by mycorrhizal plants in 
particular (Bethlenfalvay & Schiuepp, 1994; 
Jakobsen, Joner & Larsen, 1994), the study of the * To whom correspondence should be addressed. 
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extraradical mycelium of the AM fungi has received, 
up to now, little attention (Dodd, 1994). Only a few, 
recent, works have studied the development of the 
extraradical hyphae and their influence on the 
dynamics of nutrient and water uptake (see Dodd, 
1994 for references), and on soil structure stabili- 
zation (Miller & Jastrow, 1990, 1992; Sylvia, 
1990; Thomas, Franson & Bethlenfavlay, 1993). 
The development of special growth systems in which 
nylon mesh separates the growing extraradical 
mycelium from the rest of the mycorrhiza (Schiuep, 
Miller & Bodmer, 1987; Li, George & Marschner, 
1991; Wyss, Boller & Wiemken, 1991; Johansen, 
Jakobsen & Jensen, 1992), has provided valuable 
data in this field. Using this experimental approach, 
different authors (Johansen et al., 1992, 1993 a; Frey 
& Schiiepp, 1993) have shown the ability of the 
extraradical mycelium of AM fungi to deplete the 
inorganic 15N added as 15NH4+ to the soil of a root- 
free compartment. They also showed that AM 
extraradical hyphae were able to transport this N- 
isotope to a plant which was growing several cm 
away from the 15N source. Additionally, some 
evidence of the capability of AM hyphae to take up 
and transport 15NO3 to the host plant has also been 
reported (Tobar, Azcon & Barea, 1994). However, 
although soil-based or soil-like substrates provide a 
more realistic growth medium, these systems present 
some intrinsic difficulties: (i) the chemical comp- 
osition and texture of the substrate might influence 
the results; (ii) observation of the hyphal dev- 
elopment and of hyphal effects on the surrounding 
substrate is not possible; (iii) measurements in that 
system are usually destructive; (iv) it is difficult to 
maintain a monoxenic culture (soil micro-organisms 
could alter the hyphal effect through nutrient 
changes not due to the AM fungi activity). 

A new approach to the study of the biology of AM 
fungi involved growing these fungi in monoxenic 
root organ cultures in which some AM fungus species 
develop profusely and form viable spores (Becard & 
Fortin, 1988; Becard & Piche, 1989, 1990). Recently, 
an extensive development of the external hyphae of 
some monoxenically-cultured Glomus species in a 
root-free compartment has been reported (Fortin, 
1995). The ability to sustain extraradical mycelium 
in an inert, defined medium allows physiological 
studies free from interference by external physico- 
chemical or biological parameters. The aim of the 
present work was to study, under these highly- 
controlled in vitro conditions: (i) the ability of the 
AM fungal mycelium to alter the pH of the 
surrounding medium, and (ii) its capacity for nitrate 
uptake. 

MATERIALS AND METHODS 

Biological material 

Monoxenic cultures were established between tom- 
ato (Lycopersicon esculentum Mill. var. Vendor) roots 
obtained from a root organ culture, and Glomus 
intraradices Smith & Schenck (DAOM 197198, Bio- 
systematic Research Center, Ottawa, Canada), as 
described by Chabot, Becard & Piche (1992). The 
inoculum consisted of small cubes of medium from a 
similar monoxenic culture, each containing c. 20 
spores of G. intraradices, as well as mycorrhizal roots 
and external hyphae. 

Experimental system 

Tri-compartmented Petri dishes were used (Figs 
1, 2b). Main cultures were initiated in one of the 
compartments (the culture compartment) (Fig. 1). 
Three types of culture were prepared: (i) the root 
without the AM fungus; (ii) the AM fungus without 
roots and (iii) the dual culture of AM fungus and 
roots. 

After 4-6 wk of growth of the dual culture, the 
extraradical mycelium of G. intraradices grew over 
the plastic barrier of the culture compartment and 
developed extensively in the root-free medium of the 
other two compartments. These compartments will 
be referred to as hyphal compartments (Fig. 1), 
whether or not hyphae were present. 

Treatments and culture conditions 

To each culture compartment were added 5 ml of the 
minimal medium (M medium) described by Becard 
& Fortin (1988). This medium has a total N content 
of 45-23 mg l` (as KNO3 and Ca(NO3)2). To the 
hyphal compartments were added 5 ml of water-agar 
medium (0 8 00 Bacto-Difco agar in distilled water), 
supplemented with 45-23 mg N I1 as KNO3 (N+ 
treatment). 

Additional Petri dishes were prepared, which 
contained either the dual culture of tomato roots/ 
G. intraradices, or the tomato roots without AMF, 
but no nitrate added to the hyphal compartments 
(N - treatment). AS bromocresol purple (Fulka) 
solution (1 % in distilled pH 6c0) was added to all 
media. This pH-indicator has already provided 
valuable data in the study of the soil pH changes 
induced by roots (Marschner & Romheld, 1983; 
Haussling et al., 1984; Marschner et al., 1986) and 
AM (Bago, 1994). 

The media were autoclaved (121 ?C, 20 min) and 
the resulting pH values were 6 5 for the M medium, 
and 6-8 and 6 1 for the N? and N- water agars, 
respectively. Petri dishes containing the different 
media but no roots or AM fungi were maintained as 

This content downloaded from 161.111.252.203 on Tue, 16 Apr 2013 05:08:24 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


Nitrate depletion and pH changes induced by Glomus intraradices external mycelium 275 

Overpassing 
hyphae 

Mycorrhiza 
(root/AM fungus culture) |Extraradical 

As 11 ~~~~~~mycelium 
Culture compartment Hyphal compartment 

Figure 1. Schematic view of the experimental system used. The figure represents a Petri dish containing the 
monoxenic (AM fungus/root) culture as main culture. 

colour controls through the whole experimental 
period. Ten replicates of each treatment were 
prepared. The plates were incubated in the dark at 
25 ?C for 3 months. 

Fungal and root growth measurements 

Growth measurements were carried out under a 
Wild M3Z stereomicroscope equipped with a Wild 
photoautomat MPS 55. The extraradical mycelium 
was measured at the end of the assay as described by 
Marsh (1971), using a 2 x 2 mm grid. Root length 
was measured in a similar way, but using a 1 x 1 cm 
grid. 

pH-spectrophotometric measurements 

To obtain quantitative, non-destructive measure- 
ments of the pH, spectrophotometric scanning of the 
different media was carried out (Cary 3E u.v.-visible 
spectrophotometer (Varian) connected to a Vectra 
VL24/100 computer (Hewlett-Packard); Software: 
Cary 1/3 Simple Scann). The wavelengths scanned 
ranged from 350 to 750 nm. To maintain sterility, 
closed Petri dishes were scanned. Previous tests 
showed the homogeneity of the colour in the media. 

Nitrogen analysis 

The N concentration in the nitrate-amended media 
was determined at the end of the experiment. The 
medium in each hyphal compartment was melted 
(2 min, 90 ?C) and filtered through a 3,um-pore 
polycarbonate membrane (Nucleopore). The fungal 
mycelium and spores were retained, but almost all 
the medium was recovered. Nitrogen was then 
extracted using a modified version of the technique 
described by Bremner & Mulvaney (1982). Briefly, 
the filtered agar was digested (14 g K2SO2 and 
0 7 g HgO in 3 1 of concentrated H2SO4) for 15 min 
at room temperature, then heated to 420 ?C for 
30 min. After cooling for 15 min, 75 ml of distilled 
water were added to each sample. Thereafter, 

samples were distilled in the presence of NaOH plus 
thiosulphate (66 7 % (w/v) NaOH, 5 %o (w/v) thio- 
sulphate in distilled water) and collected in a boric 
acid solution containing an indicator. The total N 
content was measured by titration of the samples 
with 0-001 N H2SO4. 

RESU LTS 

Extraradical mycelium development and visible pH 
changes during the experiment 

One day after transfer of the roots to the culture 
compartment, the colour of the medium changed 
from red-orange (pH c. 60) to violet (pH 70-80) 
(see pH colour scale in Fig. 2 a). However, the 
subapical zones of the primary and secondary roots 
produced a strong yellowish (acid-induced) halo. 
This pattern was independent of fungal inoculation 
of the root culture and remained for 4-6 wk. At that 
time, an extensive network of extraradical mycelium, 
with a high number of spores, had been formed in 
the culture compartment containing the root/AM 
fungus culture. 

After 4-6 wk of growth, both the media containing 
the root/AM fungus culture or the root culture 
without fungus became increasingly yellowish/ 
transparent, and the root surface had turned from 
white to yellow (Fig. 2b). In the Petri dishes 
containing the dual culture, G. intraradices hyphae 
began to cross the plastic barrier separating the 
culture and the hyphal compartments. Once the 
extraradical mycelium began to grow in the hyphal 
compartment (6-8 wk after the beginning of the 
experiment), it developed rapidly and formed many 
spores. One week after the first hyphae passed to the 
hyphal compartment, the N + medium turned violet 
(Fig. 2 b). In the compartments where no hyphal 
development was observed, the N + medium main- 
tained its original colour (Fig. 2 b). The N - media in 
the hyphal compartments with mycelial development 
and in those compartments without fungal 
colonization, showed no colour change. Twelve 
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(a) 

(b) 

Figure 2. Bromocresol purple colour-change pattern 
obtained in the different treatments after 12 wk of growth. 
(a) Colour scale shown by the dye at different adjusted 
pHs. (b) The four N + treatments showing the final colour 
pattern of their media: C, colour control; 5, Glomus 
intraradices growing axenically; R, root organ culture 
growing in absence of the AM fungus; M, mycorrhizal 
organ culture (AM fungus/tomato root culture). Note the 
striking violet colour of the medium in the hyphal 
compartment where the extraradical mycelium of Glomus 
intraradices was developing (arrow). 

weeks after the beginning of the experiment, no 
other changes (apart from those described above) 
were evident (Fig. 2b). No colour change could be 
observed in any of the compartments of the colour 
control plates. Similarly, no colour changes were 
observed either in the hyphal compartments of Petri 
dishes with root culture growing without fungal 
inoculation, or in the hyphal compartments of the 
plates where the AM fungus developed axenically. 

Extraradical mycelium development and non- 
destructive spectrophotometric pH measurements 

The spetr obaie asarsl ftesmLe 

scnigo.h,rmceolprl-oordwtr aga mei adutdt ifrntpsaesoni 

Figure 3 a. The dye shows two excitation peaks, one 
at 429 nm, which appears at low pH, and the other at 
589 nm, which increases with the pH. There is a 
close relationship between both peaks along the pH 
scale: as the pH of the media increases, the 
absorption of the dye at 589 nm increases, whereas it 
decreases at 429 nm. The ratio between the two 
absorption peaks along the pH scale fits well (r = 
0 97) with the logarithmic curve shown in Figure 3 b. 
By means of the equation of this curve it was possible 
to quantify the pH of the media in the different 
treatments (Tables 1, 2). The low variability 
observed in the measurements supports the validity 
of the method. 

The scanning pattern of the M medium in the 
culture compartments containing the monoxenic 
culture or the roots showed no absorption peaks. 
This pattern was quite similar to that obtained for 
water when adjusting the base line of the spectro- 
photometer (a flat line along the scanned wave- 
length). This is expressed by the term 'base line' in 
Tables 1 and 2. This result was not surprising, since 
the medium in those compartments was almost 
colourless. A partial incorporation of the dye by the 
roots (their surfaces were yellow) could explain this 
result. 

No quantitatively-measured pH variation was 
observed neither in the medium of the hyphal 
compartment amended with N03- (N +) where no 
hyphae overpassed and developed, or in the medium 
of the hyphal compartments of the colour control 
plates (Table 1). However, a significant increase of 
almost two pH units was detected in the N + medium 
in presence of the extraradical hyphae. The hyphal 
density determined in these hyphal compartments 
was similar to that obtained in culture compartments 
but much higher than in the compartments where 
G. intraradices developed axenically. In this case, 
hyphae induced a slight decrease in the pH of the 
medium, although this pH change was not stat- 
istically significant. 

When no nitrate was added to the hyphal com- 
partment (N- treatment), the spectrophotometric 
measurements revealed a decrease in the pH of the 
medium when an extensive extraradical mycelium 
developed (Table 2). The hyphal length in these 
compartments was half that in their respective 
culture compartments, but the variability within 
treatments was high. 

Nitrogen analysis 

The total N content of the hyphal compartments 
without hyphal development remained unchanged in 
Petri dishes containing the monoxenic culture in the 
culture compartment. However, more than 40% ?/ of 
this nutrient was depleted in the hyphal compart- 
ments containing extraradical mycelium. In the 
hyphal compartments of Petri dishes with axenic 
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589 nm 
429 nm y 

(a) pH 8 

7 ~~~~~8 (b) 

pH ~~~~~~~70 

63 

0~~~~~~~~~~~~~~~~~~~~~~~~~~0 

400 500 600 700 0 2.5 5 7.5 10 12.5 

Wavelength Absorption 

Figure 3. Spectrophotometric determination of the pH-indicator bromocresol purple. (a) Spectrum obtained 
as a result of the simple scanning of a 1 % dye solution adjusted to four different pHs. Two absorption peaks 
were obtained at 429 and 589 nm (arrows). (b) Correlation curve obtained from the ratio between the absorption 
at 589 and 429 nm, measured at different pHs. y = 2 24 log (x) + 5-66, r = 0 97. 

Table 1. Root and hyphal length, pH and N-content of the media in the different compartments of the 
experimental system, when NO3- was added to the hyphal compartment 

Culture compartment Hyphal compartment 

Root length Hyphal length Hyphal length Total N 
(cm per (cm per (cm per (,ag 
compartment) compartment) pH compartment) pH ml-1) 

Colour control S- 525 (0 09)* 5-47 (0-14) 44-5 (2-1) 
Roots 242-05 (57 5) 0.0 Base linet 0.0 552 (0 15) 41 2 (2-6) 
Mycorrhizas 21950 (40 5) 547 10 (196-5) Base line 00t 563 (0 41) 45-2 (2-9) 
(root/AM fungus 658-85? (118 5) 7-36 (0 13) 256 (7 4) 
culture) 

AM fungal spores - 63 85 (43 65) 5-08 (0 16) 0 0 5-43 (0-14) n.d. 

* Numbers in brackets represent SE of means. 
t Transparent media. Spectrophotometric measurements gave the same pattern as blank did. 
t Hyphal compartments showing no hyphal development. 
? Hyphal compartments showing hyphal development. 
n.d. not determined. 

Table 2. Root and hyphal length, and pH of the media in the different compartments of the experimental system 
without the addition of NO3- to the hyphal compartment 

Culture compartment Hyphal compartment 

Root length Hyphal length Hyphal length 
(cm per (cm per (cm per 
compartment) compartment) pH compartment) pH 

Roots 8490 (9 5)* 0.0 Base linet 00 n.d. 
Mycorrhizas 87 30 (30 0) 304 80 (125 5) Base line 0OOt 4 89 (0 12) 
(root/AM fungus 157 60? (1 02 0) 4*5 5 (0 08) 
culture) 

* Numbers in brackets represent standard error of means. 
t Transparent media. Spectrophotometric measurements gave the same pattern as blank did. 
t Hyphal compartments showing no hyphal development. 
? Hyphal compartments showing hyphal development. 
n.d. not determined. 
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root cultures, and in those of the colour control 
plates, the N-content remained the same as at the 
beginning of the experiment. 

DISCUSSION 

The use of monoxenic cultures of the AM fungus G. 
intraradices with tomato roots in combination with 
the bromocresol purple technique, has allowed us to 
study in a continuous, non-destructive way the pH 
changes which these cultures induce in the media in 
the presence of nitrate. 

A similar pattern of pH changes took place in the 
culture compartments of both the monoxenic (AM 
fungus/root) and the axenic root cultures: the M 
medium progressively turned from red-orange to 
violet (alkalinisation), indicating the nitrate uptake, 
and later on to yellow-transparent (acidification- 
disappearance of the dye), probably for two reasons: 
(i) a total depletion of the NO3- in the medium at the 
end of the experiment, and (ii) the partial in- 
corporation of the dye by the roots. 

The development of the extraradical phase of 
G. intraradices in a root-free compartment has 
allowed us to study its physiological activity when 
cultured in the presence or absence of nitrate. Our 
results show that the extraradical mycelium of 
G. intraradices is able to use the nitrate of the 
medium in which it develops. There have been many 
studies of the putative ability of AM fungal hyphae 
to take up nitrate. The presence of nitrate-reductase 
in AM fungal spores has been biochemically (1-o & 
Trappe, 1975) and genetically (Kaldorf, Zimmer & 
Bothe, 1994) demonstrated, and recent papers 
(George et al., 1992; Johansen et al., 1992; Johansen 
et al., 1993 a; Johansen, Jakobsen & Jensen, 1993b; 
Bago, 1994; Tobar et al., 1994) have pointed out the 
possible capacity for nitrate uptake by the extra- 
radical hyphae of AM fungi. However, unlike the 
present study, the experimental conditions used did 
not allow the complete elimination of other biotic or 
physico-chemical effects which could have con- 
founded the results (George et al., 1992). Our results, 
under conditions which exclude confounding factors, 
confirm the existence of an active N03- uptake 
mechanism in the external mycelium of the AM 
fungus G. intraradices. However, the actual cont- 
ribution of this fungal-mediated nitrate uptake to the 
N-nutrition of the mycorrhizal plant in nature 
remains to be determined. As NO3- is much more 
mobile in the soil than is NH4 , and as the majority 
of soil micro-organisms and axenically-cultured 
ectomycorrhizal fungi (Ek et al., 1994) show a 
preference for NH4+ uptake, it is possible that 
ammonium constitutes the main form of N in the 
nutrition of the AM plant. In fact, Johansen et al. 
(1992) have reported an apparent preference of AM 
fungi for NH4+ rather than for NO3-. In any case, the 
NO3-/NH4+ ratio, amount and availability in each 

particular soil and ecological situation would define 
the final importance of the respective N-form for 
N-nutrition of the mycorrhizal plant. 

The observed pH increase caused by the extra- 
radical mycelium of G. intraradices in the presence 
of N03- might be a consequence of the active N03- 
uptake by the AM fungus hyphae, as it was not 
produced in media lacking this N-form. 
Alkalinisation associated with the uptake of NO3- by 
the root is a well-known phenomenon (Marschner & 
Romheld, 1983; Marschner et al., 1986). The 
necessity for cells to maintain their internal ionic 
balance would lead them to couple the import of 
NO3- anions with a simultaneous uptake of protons 
(symport) or with a release of HCO3-or OH- 
(antiport), to neutralize the otherwise increasing 
negative ionic charge of the cytoplasm. Recently, a 
similar mechanism of pH maintenance in the 
mycorrhizosphere of AM plants has been proposed 
(Bago, 1994; Bago & Azcon-Aguilar, unpublished). 
Our results indicate that this mechanism is also 
operating in the AM extraradical hyphae, since there 
is a marked change in the pH of the surrounding 
hyphosphere. 

Interestingly, the axenically-produced mycelium 
not only failed to induce any pH increment when 
growing in the NO3--supplied medium but actually 
induced a certain acidification in the media. There 
are several possible explanations for this slight 
acidification: (i) the hyphal-respired CO2 which, in 
contact with the water of the medium, would 
produce H2CO3 and would consequently acidify the 
medium; (ii) an effect induced by uptake of nutrients 
other than NO3-, which would mask the 
alkalinisation caused by nitrate uptake by the axenic 
hyphae. The latter is the least likely, since the 
monoxenic mycelium, when growing in M medium 
in a root-free compartment, promoted a strong 
alkalinisation and not an acidification (data not 
shown). Thus, these results suggest that the 
axenically-grown hyphae of G. intraradices are 
in such a developmental stage that they are still 
unable to take up nitrate, as supported by the absence 
of alkanisation in the M medium with added N. 

Our results seem to point towards the possibility 
of metabolic differences between the free-living and 
symbiotically-associated AM fungal hyphae. Once 
the AM fungus had established a successful symbiosis 
with a host root, a 'switch-on' of fungal metabolism 
would occur and this would allow the fungus 
successfully to take up NO3- from the medium. 
From this moment on, the NO3;/H' symport (or 
NO3;/OH- antiport) mechanism used by the fungus 
for nitrate uptake would mask any other hyphal- 
promoted acidification of the medium, resulting in a 
net hyphosphere alkalinization, as obtained in the 
present study. Bago & Azc6n-Aguilar (unpublished) 
showed that mycorrhizal roots growing in a O- 
amended soil induced an initial (30 d) alkalinisation 
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of the mycorrhizosphere, which was, however, 
followed (at 60 d) by a strong acidification. They 
suggested that this change in the pH could be a result 
of the mycorrhiza-mediated depletion of the nitrate 
source in the soil. The subsequent acidification of 
the mycorrhizosphere would be the consequence of 
the unmasking of other cation/anion balances in- 
volved in different processes of nutrient uptake once 
the nitrate was depleted. 

The monoxenically-grown extraradical mycelium 
of G. intraradices decreased the pH of the N- 
unamended water-agar medium. Since in this case 
there were no nutrients whose presence could explain 
the acidification of the medium by a process of 
cation/anion imbalance, this acidification could be 
attributed to the effect of the fungal-respired CO2. 

As our results show, G. intraradices behaves 
differently when free-living from when it is in 
symbiosis. Azcon-Aguilar & Barea (1994) have 
pointed out that '... despite evidence for a functional 
metabolic system, it is clear that AM fungi do not 
carry the biological factors needed to support 
continuous growth unless they are part of a symbiotic 
partnership with a host root'. Thus, the biochemical 
machinery to allow them to carry out diverse 
metabolic pathways might be present in AM fungi 
but they might not be able to use them successfully 
unless a previous 'switch-on' by a host plant had 
taken place. The need for such a 'switch-on' would 
be, in fact, the reason for the failure of AM fungi to 
grow in a free-living status. Among the different 
hypotheses to account for this failure, two are 
considered the most feasible (Azc6n-Aguilar & 
Barea, 1994): (i) the partial loss of the fungal genetic 
equipment during its coevolution with the host 
plant, and (ii) the impossibility for the AM fungi 
to form their specialized feeding structures 
(arbuscules) in the absence of the host plant. 
Williams (1992) suggested an interesting hypothesis: 
like some rust fungi, AM fungi could acquire a 
progressive saprophytic ability after having been 
'switched-on' by the host plant during its intra- 
radical development. In this case, if the correct 
nutrients are provided, AM fungi would become 
able to fulfil their life cycle in the absence of the host 
root. Interestingly, our results show that when 
growing in a nitrate-amended medium, the extra- 
radical mycelium of G. intraradices developed to a 
greater extent than when this nutrient was not 
present in the hyphal compartments. This could be 
the first evidence of AM fungi overcoming, as a 
consequence of the establishment of symbiosis, their 
genetic and/or metabolic block. In any case, more 
specific studies are needed to support this hypo- 
thesis. 

The extraradical mycelium of AM fungi is a key 
component in AM functioning. Experimental 
systems using either root-free soil compartments 
(useful for ecological studies) or root-free agar com- 

partments such as that used in the present study, 
together with non-destructive techniques (useful in 
biochemical studies) should be used to widen our 
knowledge of biology and physiology of AM fungi. 
In the present study, the capacity of the extraradical 
mycelium for nitrate uptake and for altering the pH 
of the medium has been well established. Many 
other processes need to be clarified in order to obtain 
a fuller understanding of the AM symbiosis. 
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