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Abstract: Arbuscular mycorrhizal fungi, obligate symbionts of most plant species, are able to accumulate heavy metals,
thereby, protecting plants from metal toxicity. In this study, the ultrastructural localization of Zn, Cu, and Cd in the extra-
radical mycelium and spores of the arbuscular mycorrhizal fungus Glomus intraradices grown in monoxenic cultures was
investigated. Zinc, Cu, or Cd was applied to the extraradical mycelium to final concentrations of 7.5, 5.0, or 0.45 mmol/L,
respectively. Samples were collected at time 0, 8 h, and 7 days after metal application and were prepared for rapid freez-
ing and freeze substitution. Metal content in different subcellular locations (wall, cytoplasm, and vacuoles), both in hyphae
and spores, was determined by energy-dispersive X-ray spectroscopy. In all treatments and fungal structures analysed,
heavy metals accumulated mainly in the fungal cell wall and in the vacuoles, while minor changes in metal concentrations
were detected in the cytoplasm. Incorporation of Zn into the fungus occurred during the first 8 h after metal addition with
no subsequent accumulation. On the other hand, Cu steadily accumulated in the spore vacuoles over time, whereas Cd
steadily accumulated in the hyphal vacuoles. These results suggest that binding of metals to the cell walls and compart-
mentalization in vacuoles may be essential mechanisms for metal detoxification.
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Résumé : Les champignons mycorhizes arbusculaires, des symbiotes obligatoires de la plupart des espèces de plantes,
sont capables d’accumuler les métaux lourds, ce qui protège ainsi les plantes de la toxicité des métaux. Dans cette étude,
la localisation ultrastructurale du Zn, du Cu et du Cd a été examinée dans le mycélium extraradiculaire et les spores du
champignon mycorhize arbusculaire Glomus intraradices en culture monoxénique. Le Zn, le Cu ou le Cd ont été appliqués
sur le mycélium extraradiculaire à des concentrations finales de 7,5, 5,0 ou 0,45 mmol/L respectivement. Les échantillons
ont été recueillis 0, 8 h et 7 jours après l’application des métaux et ils ont été préparés pour la congélation rapide et la
cryosubstitution. Le contenu en métal des différentes composantes subcellulaires (paroi, cytoplasme et vacuoles) des hy-
phes et de spores a été déterminé par spectroscopie rayons-X à dispersion d’énergie. En réponse à tous les traitements et
dans toutes les structures fongiques analysées, les métaux lourds se sont accumulés principalement dans la paroi fongique
et dans les vacuoles alors que des changements mineurs des concentrations de métaux étaient détectés dans le cytoplasme.
L’incorporation de Zn dans le champignon survenait lors des huit premières heures suivant l’ajout du métal sans accumula-
tion subséquente. En revanche, le Cu s’accumulait de façon constante dans les vacuoles des spores en fonction du temps
alors que le Cd s’accumulait de façon constante dans les vacuoles des hyphes. Ces résultats suggèrent que la liaison des
métaux aux parois cellulaires et leur compartimentation dans les vacuoles peuvent être des mécanismes essentiels à la dé-
toxication des métaux.

Mots-clés : Cd, Cu, SXDE, accumulation de métaux lourds, Zn.

[Traduit par la Rédaction]
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Introduction

Arbuscular mycorrhizal (AM) fungi are soil microorgan-
isms belonging to the phylum Glomeromycota (Schüßler et
al. 2001). They are obligate symbionts whose life cycle
completion depends on their ability to colonize roots of a
host plant, forming the most widespread symbiosis on Earth,
arbuscular mycorrhiza. When the symbiosis is fully estab-
lished, 2 different phases of the fungus can be distinguished:
the intraradical and the extraradical mycelium. The intrarad-
ical mycelium develops within the root and forms arbus-
cules, and in some species vesicles; this phase is
responsible for nutrient and signal exchange between both
symbionts. The plant provides photosynthates to the fungus
in exchange for mineral nutrients, mainly P, Cu, and Zn, ex-
tracted from the soil by the extraradical mycelium (Smith
and Read 1997).

In addition to playing a role in plant nutrition, AM fungi
are also involved in the protection against biotic stresses
(Azcón-Aguilar et al. 2002), abiotic stresses, such as drought
and salinity (Ruiz-Lozano et al. 2001), and the presence of
heavy metals (Rivera-Becerril et al. 2002; Chen et al. 2003;
Audet and Charest 2006). Arbuscular mycorrhizal fungi
present in heavy-metal-polluted sites are able to form func-
tional mycorrhizal associations with plants growing in these
sites (Weissenhorn et al. 1995; del Val et al. 1999b; Chen
et al. 2003). The establishment of mycorrhizas can help to
alleviate metal toxicity in plants (Dı́az et al. 1996; Leyval
et al. 1997; del Val et al. 1999a; Tullio et al. 2003). It is
thought that the ability of AM fungi to sequester metals re-
duces the effective concentration available to the plant
(Joner and Leyval 1997; Kaldorf et al. 1999; Leyval et al.
2002).

There is considerable evidence concerning the distribution
of heavy metals, mainly Cd, in different ectomycorrhizal
fungal structures (Turnau et al. 1993a, 1994; Blaudez et al.
2000). Little attention, however, has been paid to the cyto-
logical structures of AM fungi involved in heavy metal ac-
cumulation. In these organisms research has focused mainly
on the intraradical phase of the fungi and the colonized root
due to the difficulty in isolating extraradical mycelium from
soil. These studies have shown an increased accumulation of
heavy metals in the vesicles of the intraradical mycelium
and underline the potential importance of the extraradical
hyphae in protecting the plant against heavy metal toxicity
(Turnau 1998; Weiersbye et al. 1999). This is reinforced by
the few studies available on the extraradical mycelium,
which show the importance of the fungal wall in heavy
metal retention (Galli et al. 1994; Joner et al. 2000;
González-Chávez et al. 2002).

The objective of the present study was to assess the local-
ization of 3 heavy metals in the extraradical mycelium and
spores of monoxenically cultured Glomus intraradices to de-
termine the cytological structures involved in heavy metal
accumulation in AM fungi. This objective was approached
by using a combination of transmission electron microscopy
and energy-dispersive X-ray spectroscopy (EDXS). Our
working hypothesis was that G. intraradices will develop
strategies of metal sequestration to keep the concentration
of free metals in the cytoplasm to a minimum and predicted
that metals accumulate in the vacuoles of the fungus.

Materials and methods

Biological materials and culture conditions
Monoxenic cultures were established as described by

St-Arnaud et al. (1996). Briefly, clone DC2 of carrot
(Daucus carota L.) Ri-T DNA transformed roots were cul-
tured with the AM fungus G. intraradices Smith &
Schenck (DAOM 197198, Biosystematic Research Center,
Ottawa, Canada) in 2-compartmented Petri dishes. Cultures
were initiated in one compartment (root compartment) of
each plate containing 20 mL of M medium (Chabot et al.
1992). Extraradical hyphae, but not roots, were allowed to
grow over the plastic barrier to the second compartment
(hyphal compartment) containing 25 mL of M medium
without sucrose (M-C medium). Plates were incubated in
the dark at 24 8C until the transition from a mainly vege-
tative state (absorptive) to a reproductive phase (sporula-
tive) was initiated (6–8 weeks) (Bago and Cano 2005). At
that stage, Zn, Cu, or Cd was applied to the extraradical
mycelium of the hyphal compartment. ZnSO4, CdSO4, or
CuSO4 was spread throughout the compartment to obtain a
final concentration of 7.5 mmol/L Zn, 5.0 mmol/L Cu, or
0.45 mmol/L Cd by placing 500 mL of stock solutions
(375 mmol/L ZnSO4, 250 mmol/L CuSO4, and 22.5 mmol/
L CdSO4) in droplets throughout the compartment, allow-
ing diffusion to distribute the added metals evenly. The
time just before heavy metal addition was referred to as
time 0. Mycelia with spores were harvested at times 0,
8 h, and 7 days after metal addition. In previous studies,
the addition of water (negative control) and sampling 8 h
and 7 days later did not significantly change the expression
of genes involved in heavy metal homeostasis, such as
the Zn transporter GintZnT1 and the Cu and Cd responsive
metallothionein GintMT1 (M. González-Guerrero, C. Azcón-
Aguilar, and N. Ferrol, unpublished data). Consequently, in
further experiments, time 0 was considered an appropriate
control. Three replicate plates per treatment were prepared.

Sample preparation for electron microscopy
Conventional methods for embedding tissues introduce ar-

tifacts in experimental material, including changing element
distribution within the cytoplasm (Orlovich and Ashford
1993). For this reason, unfixed material was prepared using
rapid freezing under pressure and a freeze-substitution
procedure (Orlovich and Ashford 1993). This approach
avoids the formation of microcrystals that would damage
the structures, and by using dry acetone for the substitution,
a solvent in which sulphide salts of Zn, Cd, and Cu are in-
soluble (Material Safety Data Sheet, VWR, West Chester,
Pennsylvania), redistribution of the elements is greatly re-
duced. Although this method compromises the quality of
sample visualization, cytological constituents are preserved
in situ (Ashford et al. 1999).

Three randomly selected areas from each plate were cut
from the surface of the hyphal compartment at the chosen
times and were used, without the addition of a fixative, for
high pressure freezing in a Leica EM PACT high pressure
freezer (Leica, Bensheim, Germany), to ensure that sample
preservation did not lead to loss or mobility of metals and
other substances. These samples were covered with hexade-
cane to act as a cryoprotectant. Freeze substitution with dry
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acetone was carried out in an automated EMAFS freeze sub-
stitution unit (Leica, Bensheim, Germany) by following this
program: –90 8C for 37 h, raised to –60 8C at 3 8C/h, held
at –60 8C for 12 h, then raised to –30 8C at 3 8C/h, held at
–30 8C for 24 h and raised to 20 8C at 10 8C/h. The material
was then rinsed twice in dry acetone and, after a series of
graded acetone–resin infiltration steps in which the material
was kept dry by the addition of molecular sieves, was em-
bedded in Spurr’s epoxy resin (Spurr 1969).

Sections of 0.1–0.3 mm in thickness were cut with glass
knives using a Reichert ultramicrotome and were collected
on 100-mesh formvar and carbon-coated titanium grids.
These grids were used since Ti does not produce any X-ray
peaks that would interfere with the elements analysed in this
study. Sections to be examined for cytological features were
post-stained with uranyl acetate and lead citrate to enhance
contrast. All micrographs of representative samples of hy-
phae and spores were taken with a digital camera attached

to a Philips CM 10 electron microscope using an accelera-
tion voltage of 80 kV.

EDXS analysis
The energy-dispersive X-ray microanalyses on unstained

sections were performed with a Philips 400T transmission
electron microscope equipped with an EDAX Sapphire re-
tractable X-ray detector. Spectra were collected over 60 live
seconds by using a beam diameter of 100 nm and a beam
current of 24 mA at 100 kV and were displayed using the
Genesis Spectrum Software System.

The element distribution was shown as a peak to back-
ground (P/B) ratio, using the Zaluzec background modelling
system (Zaluzec 1979) at the low setting (P/B ratio of 0.4)
to minimize the effect of irregularities in the samples, and
was manually adjusted when appropriate. A total of 9 meas-
urements, 3 from each replicate plate, were obtained from
each of the selected cellular locations (shown in Fig. 1):

Fig. 1. Transmission electron micrographs showing the cytological organization of the spores of Glomus intraradices prior to metal expo-
sure (time 0). Spore prior to uranyl acetate and lead citrate staining (a). Post-stained spore (b). Arrows indicate layered cell wall and ar-
rowheads indicate numerous vacuoles. Spore showing the vacuoles (v) prior to staining (c) and post-staining (d). Asterisks indicate typical
areas of cytoplasm that were analysed. Scale bars for panels a, c, and d = 1.0 mm; scale bar for panel b = 2.0 mm.
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cell walls, electron-lucent cytoplasm, and electron-dense
bodies within the cytoplasm. This was done both in hyphae
and spores for each replicate of each of the treatments.
Since AM fungi are known to take up P efficiently, and
some of it is known to accumulate in the vacuoles, P was
also analysed to gain additional information about metal
compartmentation. P/B ratio was used as a semiquantitative
index of the relative amounts of metal in the locations
sampled. The X-ray energy ranges used to obtain the P/B ra-
tios were as follows: P (Ka 1.96–2.06 keV), Cd (La 3.08–
3.24 keV), Ti (Ka 4.40–4.67 keV), Cu (Ka 8.01–8.19 keV),
and Zn (Ka 8.58–8.76 keV). The estimated detection limit
was at a P/B ratio below 0.25. A magnification of � 22 000
was used.

Statistical analysis
Data were subjected to ANOVA and then to Duncan’s

multiple range test when appropriate.

Results
Electron microscopy of sections of unfixed, freeze-

substituted fungal samples revealed a multilayered wall
surrounding an electron-lucent cytoplasm that contained
electron-dense bodies (Figs. 1a and 1c). In the post-stained
sections (Figs. 1b and 1d) the electron-dense bodies re-
sembled the dispersed, nongranular contents previously de-
scribed for the vacuoles of other mycorrhizal fungi
(Orlovich and Ashford 1993; Shepherd et al. 1993; Ashford
et al. 1999) and a dark septate fungal endophyte (Saito et
al. 2006). The analysis revealed that the electron-dense
bodies had significantly higher amounts of P than the other
2 cellular compartments (wall and electron-clear cyto-
plasm) analysed, especially in the spores (Table 1). The
structure of these bodies, together with their high P con-
tent, suggests that they correspond to vacuoles. In the sub-
sequent analyses, therefore, Zn, Cu, and Cd accumulation
was assessed in the hyphae and spores of G. intraradices
at these 3 cellular locations: cell wall, cytoplasm, and va-
cuoles.

Untreated mycelia (time 0) had low Zn levels with
slightly higher concentrations in the walls and in the spore

vacuole (Table 2). When the mycelia were exposed to Zn
for 8 h, there was a rapid increase in the amount of this
metal in the vacuoles and in the fungal wall (Table 2). Zinc
concentration in the hyphal cytoplasm was also increased,
though to a much lower extent. The situation after 7 days
of Zn exposure remained similar to that at the 8 h time
point. Interestingly, the amount of Zn accumulated in the
hyphal wall was higher than in the spore wall, both at 8 h
and at 7 days. The other essential metal studied, Cu, was
present at similar concentrations in the vacuoles and walls
before metal addition (Table 3). Cytoplasmic concentrations
of Cu were significantly lower. Eight hours after Cu addi-
tion, as observed in the Zn treatment, a marked accumula-
tion of this metal was observed in walls and vacuoles and a
slight increase in the hyphal cytoplasm. Seven days later, Cu
content in the vacuoles of the spores was significantly in-
creased, a tendency also observed in the spore walls. How-
ever, no significant change in Cu accumulation was found in
any other location, when compared with the situation after
8 h of metal exposure (Table 3). As a result of these differ-
ential changes, a preferential accumulation of Cu in the

Table 1. Phosphorus content in the wall, cyto-
plasm, and vacuoles (electron-dense bodies) in
spores and hyphae of Glomus intraradices prior to
metal treatment, represented as a peak to back-
ground (P/B) ratio (n = 3).

Location P/B ratio

Spores
Wall 0.14±0.05a
Cytoplasm 0.28±0.11a
Vacuole (electron-dense bodies) 5.71±0.59c

Hyphae
Wall 0.04±0.02a
Cytoplasm 0.12±0.06a
Vacuole (electron-dense bodies) 1.83±0.12b

Note: Data are the means ± SE. Means not sharing a
letter in common differ significantly, according to Dun-
can’s multiple range test (P £ 0.05).

Table 2. Zinc accumulation in cell wall, cytoplasm, and va-
cuoles in spores and hyphae of Glomus intraradices, repre-
sented as a peak to background (P/B) ratio (n = 3).

P/B ratio at:

Location 0 h 8 h 7 days

Spores
Wall 1.85±0.15bA 27.98±2.16bC 20.84±1.70bB
Cytoplasm 1.49±0.31abA 2.22±0.25aA 1.47±0.33aA
Vacuole 1.62±0.46bA 28.40±2.44bB 30.06±3.02cB

Hyphae
Wall 3.10±0.14cA 47.09±5.51cB 36.10±2.64dB
Cytoplasm 0.67±0.03aA 2.26±0.40aB 2.47±0.04aB
Vacuole 1.23±0.26abA 24.96±7.72bB 18.34±1.53bB

Note: Data are the means ± SE. Means not sharing a letter in com-
mon differ significantly according to the Duncan’s multiple range test
(P £ 0.05). Lowercase letters allow comparisons of means in the same
column, while uppercase letters allow comparison of means in the same
row.

Table 3. Copper accumulation in cell wall, cytoplasm, and va-
cuoles in spores and hyphae of Glomus intraradices, represented
as a peak to background (P/B) ratio (n = 3).

P/B ratio at:

Location 0 h 8 h 7 days

Spores
Wall 3.92±0.19bA 43.78±10.12bB 59.52±7.30cB
Cytoplasm 2.42±0.29aA 3.36±0.67aA 2.97±0.28aA
Vacuole 3.65±0.81bA 35.99±7.55bB 97.84±6.86dC

Hyphae
Wall 4.08±0.23bA 49.52±6.04bB 40.50±2.46bB
Cytoplasm 1.78±0.23aA 2.74±0.27aB 3.41±0.13aB
Vacuole 3.84±0.20bA 29.69±7.96bB 29.33±1.94bB

Note: Data are the means ± SE. Means not sharing a letter in common
differ significantly according to the Duncan’s multiple range test (P £
0.05). Lowercase letters allow comparisons of means in the same column,
while uppercase letters allow comparison of means in the same row.
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spores was observed. The high accumulation of Cu in the
spore vacuoles resulted in an increased contrast and a con-
densation of the vacuolar contents (Fig. 2), which made the
samples more difficult to section.

Cadmium, which is not a bioelement, was detected at ex-
tremely low concentrations in the untreated mycelia and
spores (Table 4). The signal detected was most probably
due to noise in the background signal than to the presence
of Cd. When cultures were exposed to Cd, this metal was
detected at significantly higher concentrations in vacuoles
and walls of both spores and hyphae at the 2 time points an-
alysed (Table 4). Cadmium concentration was similar 8 h
and 7 days after the addition of the metal in all the fungal
structures, with the exception of the hyphal vacuoles. In
contrast to Cu, and to Zn to a lesser extent, which were
preferentially stored in the spore vacuoles, the Cd content
in the hyphal vacuoles more than doubled the levels de-
tected in the spore vacuoles.

Discussion
In this study, EDXS was used to determine the location of

3 heavy metals in the extraradical mycelium and spores of
the AM fungus G. intraradices grown in monoxenic culture.
Monoxenic cultures of AM fungi have been previously
shown to be suitable for physiological studies on the uptake
and translocation of nutrients and nonessential mineral ele-
ments by these fungi, as reviewed by Rufyikiri et al.
(2005). This type of culture provides an excellent way to
control the environment of the extraradical mycelium and to
obtain hyphae with ease.

In general, G. intraradices’ first line of protection against
a sudden increase in heavy metal concentration in the cul-
ture medium was an accumulation in the walls and in the
vacuoles (both in spores and hyphae), while maintaining
low cytoplasmic concentrations. In other fungi, the cell wall
has been described as a key element in metal exclusion
mechanisms (Bardi et al. 1999; Blaudez et al. 2000;

González-Chávez et al. 2002). For instance, Paxillus involu-
tus’ cell walls are able to accumulate up to 50% of the Cd
retained by this ectomycorrhizal fungus (Blaudez et al.
2000). The affinity of the wall for heavy metals is not sur-
prising because of its chemical composition, with an abun-
dance of free carboxyl and hydroxyl radicals (Strandberg et
al. 1981; Gianinazzi-Pearson et al. 1994). Additionally, this
is an energy-efficient mechanism of metal chelation, since it
does not involve enzymatically catalyzed processes (Blaudez
et al. 2000). Moreover, changes in cell wall composition in
response to Zn exposure, such as an increase in chitin con-
tent, have also been reported in an ericoid-mycorrhiza-form-
ing ascomycete (Lanfranco et al. 2002).

As expected, the cytoplasmic concentrations of heavy
metals were kept low so that they do not interfere with the
metabolic reactions that take place in the cytoplasm. This is

Fig. 2. Transmission electron micrograph of a spore after Cu exposure. Arrows indicate vacuoles with granular content. Asterisks indicate
typical areas of the cytoplasm that were analysed. Scale bar = 1 mm.

Table 4. Cadmium accumulation in cell wall, cytoplasm, and va-
cuoles in spores and hyphae of Glomus intraradices, represented
as a peak to background (P/B) ratio (n = 3).

P/B ratio at:

Location 0 h 8 h 7 days

Spores
Wall 0.14±0.05aA 3.08±0.42cB 3.81±0.51cdB
Cytoplasm 0.13±0.02aA 0.18±0.09aA 0.16±0.05aA
Vacuole 0.23±0.08aA 1.71±0.28bB 1.96±0.12bB

Hyphae
Wall 0.20±0.05aA 2.94±0.60cB 3.68±0.72cB
Cytoplasm 0.05±0.01aA 0.13±0.03aA 0.14±0.07aA
Vacuole 0.09±0.04aA 1.76±0.04bB 5.03±0.39dC

Note: Data are the means ± SE. Means not sharing a letter in common
differ significantly, according to the Duncan’s multiple range test (P £
0.05). Lowercase letters allow comparisons of means in the same column,
while uppercase letters allow comparison of means in the same row.
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achieved by sequestering metals into compartments where
they would cause less damage, as occurs in other organisms
(Blaudez et al. 2000; Clemens et al. 2002; MacDiarmid et
al. 2003). In this study, the vacuoles of G. intraradices,
identified by their phosphorus content, had the highest intra-
cellular concentrations of heavy metals. Phosphate, an anion
with high affinity for metals (Wood and Clark 1988), could
help to stabilize the metals in vacuoles. Our observations are
in accordance with previous results of Rauser and Ackerley
(1987), Turnau et al. (1993a, 1993b, 1994), and Weiersbye
et al. (1999), among others, who show the relationship of
heavy metals with vacuoles within plant cells and mycorrhi-
zal fungi. Furthermore, it has been suggested that polyphos-
phate might play a role in heavy metal chelation (Turnau et
al. 1993b; Tam 1995). Further studies are needed to deter-
mine whether metal accumulation in the fungal vacuoles af-
fects phosphate transfer to the plant and, therefore,
symbiotic efficiency. It has been recently described that Zn
exposure induces a change of vacuolar morphology from
tubular to spherical in the ectomycorrhizal fungus Paxillus
involutus (Tuszynska et al. 2006). Given that both vacuolar
types have been observed in AM fungi (Uetake et al. 2002)
and that the tubular vacuolar system has been involved in
long distance transport of P in these fungi (Ashford 2002)
and in basidiomycetes (Darrah et al. 2006), it is tempting to
speculate that an alteration in vacuolar morphology caused
by heavy metals might represent a reduction in the rate of P
influx to the plant via the fungus.

Interestingly, incorporation of Cd and Zn into the myce-
lium and accumulation into the vacuoles occurred during
the first 8 h after metal addition, with no subsequent accu-
mulation; an observation that is in agreement with the re-
sults of Joner et al. (2000) who found Cd sorption occurred
in the first 30 min of exposure in a metal-tolerant Glomus
mosseae isolate. Similarly, Tuszynska et al. (2006) have
shown that vacuoles in the ectomycorrhizal fungus Paxillus
involutus react to Zn in the medium in a matter of minutes.
These data suggest the existence of very precise mechanisms
of protection against these metals, as yet uncharacterised.
Accumulation of heavy metals in AM fungi vacuoles im-
plies the presence of a number of heavy metal transporters
involved in loading these organelles, of which only the
G. intraradices Zn transporter GintZnT1 has been identified
(González-Guerrero et al. 2005). Transitory induction of
GintZnT1 expression during the first hours of Zn exposure
suggests a possible role in the early stages of vacuole load-
ing. Both the expression pattern of GintZnT1 and most im-
portantly the observation that incorporation of Zn into the
vacuoles occurred during the first 8 h after metal addition,
with no subsequent accumulation, indicates that at least in
the case of Zn, the main response to a prolonged exposure
to high concentrations of metal is either the diminishment
of its uptake or an increased efflux, as has been previously
described for other organisms by (Eide 2003; Nies 2003).

The observation that Zn concentrated preferentially in the
hyphal wall than in the sporal wall might be of interest. Two
alternative, nonexclusive hypotheses could explain this ob-
servation: first, it could be the result of the different chemis-
try and (or) structure of the hyphal wall when compared
with that of the spore (Maia and Kimbrough 1998); second,
it could be due to the action of hyphal Zn-efflux transporters

that excrete Zn that would be retained by the wall compo-
nents. Additionally, this lack of increase in Zn accumulation
in the fungal structures after 8 h could explain why these or-
ganisms can grow in environments with relatively high con-
centrations of this element (Pawlowska and Charvat 2004).

Copper, which is used as a fungicide and has deleterious
effects on fungal development at high concentrations (Gadd
1993), was continuously accumulated in the spores, espe-
cially in the vacuoles, over time. This could be due to a Cu
transporter differentially expressed within the spore or, most
probably, to the accumulation of Cu-rich vacuoles in the
spores, a mechanism that would enable the mycelium to
continue functioning in the presence of toxic substances.
Weiersbye et al. (1999) have shown that AM spores isolated
from mine tailings accumulate high amounts of metals and
radionuclides. Accumulation of metals in AM fungi could
also protect the host plant. Interestingly, the vacuolar con-
tent of the Cu treatments seemed to be more condensed
than the Zn or Cd treatments, probably the result of Cu
being accumulated in higher concentrations.

When Cd accumulation is compared in arbuscular and ec-
tomycorrhizal fungi, a similar pattern is observed. As in
G. intraradices, both Paxillus involutus and Pisolithus tinc-
torius preferentially accumulate Cd in their cell walls. A sig-
nificant amount of Cd is also stored in phosphate-containing
vacuoles in all 3 fungi (Turnau et al. 1994; Blaudez et al.
2000). However, G. intraradices did not accumulate signifi-
cant amounts of Cd in the cytosol, as does Pisolithus tinc-
torius (Turnau et al. 1994). Paxillus involutus, even when
Cd is present at lower concentrations that those used in this
study, has a pool of cytosolic Cd (Blaudez et al. 2000).
Nevertheless, the different accumulation pattern among
these fungi could be due to a different vitality stage of the
fungi. Altogether, the data indicate that when exposed to
high concentrations of metals, G. intraradices is able to ac-
cumulate large amounts of metals in its walls and vacuoles,
thereby protecting the hyphae against agents that would en-
danger the existence of the fungal colony. These results sug-
gest the existence of a complex regulatory system to control
heavy metal homeostasis in G. intraradices involving pas-
sive mechanisms, such as the adsorption to the fungal wall,
as well as active mechanisms, such as sequestration into
specific subcellular structures and complexing with organic
or inorganic molecules, such as polyphosphates. Future
work will be directed to the identification of the molecular
basis of the passive and active mechanisms of heavy metal
detoxification in AM fungi and also to gain insights into the
consequences of the metal detoxification processes into nu-
trient transfer and functionality of the symbiosis.
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