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Abstract This review provides an overview of the
mechanisms evolved by arbuscular mycorrhizal
(AM) fungi to survive in Cu-contaminated environ-
ments. These mechanisms include avoidance strate-
gies to restrict entry of toxic levels of Cu into their
cytoplasm, intracellular complexation of the metal in
the cytosol and compartmentalization strategies.
Through the activity of specific metal transporters,
the excess of Cu is translocated to subcellular
compartments, mainly vacuoles, where it would
cause less damage. At the level of the fungal colony,
AM fungi have also evolved compartmentalization
strategies based on the accumulation of Cu into
specific fungal structures, such as extraradical spores
and intraradical vesicles. In addition to the avoidance
and compartmentalization strategies, AM fungi have
also mechanisms to combat the Cu-generated oxida-
tive stress or to repair the damage induced.
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Abbreviations

AM Arbuscular mycorrhiza

EDXS Energy-dispersive X-ray spectroscopy

GRSP Glomalin-related soil proteins

GSH Glutathione

GST Glutathione S-tranferase

H,DCF-DA  2',7-Dichlorodihydrofluorescein
diacetate

MTs Metallothioneins

ROS Reactive oxygen species

SODs Superoxide dismutases

Introduction

Cu is a trace element that makes up only 0.00007% of
the Earth’s crust. However, copper is one of the
essential micronutrients, as it is necessary for a wide
range of metabolic processes in both prokaryotes and
eukaryotes (Linder and Goode 1991). In biological
systems Cu ions can exist in two oxidation states:
Cu* (reduced) and Cu** (oxidized). The reversible
oxidation—reduction of Cu makes it very useful as a
cofactor in electron transfer reactions. By coordinat-
ing to proteins with the assistance of a diverse
spectrum of chemical ligands, including sulphur,
oxygen and nitrogen, Cu confers changes in protein
structure, catalytic activity and protein—protein inter-
actions, thereby, controlling an unexpectedly diverse
series of biochemical and regulatory events. Virtually
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all organisms require copper as a catalytic cofactor
for biological processes such as respiration, iron
transport, oxidative stress protection, cellular metab-
olism, signal transduction, and normal cell growth
and development (Kim et al. 2008). However, at
elevated levels it becomes toxic. Toxicity may result
from the binding to sulphydryl groups in proteins,
which would lead to inhibition of activity or disrup-
tion of structure, from the displacing of another
essential cation resulting in deficiency effects, or
from the formation of free radicals and reactive
oxygen species (ROS) by autoxidation and Fenton
reactions (Halliwell and Gutteridge 1989).

Given the critical role Cu plays in crucial
biochemical reactions and the consequences of Cu
toxicity, Cu levels in biological systems must be
finely regulated. In natural environments, Cu is
relatively abundant and moderately soluble (Flem-
ming and Trevors 1989). The form taken by the plant
and its bioavailability depends on environmental
factors such as soil type, pH, redox potential and
organic matter content (Fageria et al. 2002). Due to
the variability in environmental conditions, either
situations of Cu deficiency or toxicity are found in
natural environments. Over the two past centuries, as
a consequence of human activities such as industrial
processes, pesticide application and mining, the
levels of biologically accessible Cu in the environ-
ment have dramatically increased. High Cu concen-
trations are toxic to soil inhabitants; however, some
soil microorganisms have developed adaptative
mechanisms that allow them to survive and grow in
environments with high Cu concentrations (Baath
1989).

Arbuscular mycorrhizal (AM) fungi, obligate bio-
trophs of higher plants, constitute one of the most
prominent groups of soil microorganisms (Barea
1991). AM fungi colonize the root cortex of most
plant species and develop an extraradical mycelium
which overgrows the soil surrounding plant roots. They
expand the interface between plants and the soil
environment and contribute to plant uptake of
macronutrients (P and N) as well as micronutrients
(Cu and Zn) (Smith and Read 2008). On the other hand,
under conditions of supraoptimal levels of essential
metals, or in the presence of toxic ones, AM fungi are
able to alleviate metal toxicity in the plant (Leyval et al.
2002). Despite the significant role that AM fungi play
in plant interactions with soil metals and the ubiquity
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of AM fungi in soil environments, only recently
progress has been made towards understanding the
cellular mechanisms used by AM fungi to control
heavy metals and to avoid their toxicity.

The effects of heavy metal pollution on mycor-
rhizal colonization and function, the constitutive and
adaptive mechanisms of arbuscular mycorrhizas to
contaminated soils and the potential contribution of
the AM symbiosis to heavy metal phytoremediation
have been recently reviewed in depth by different
authors (Leyval et al. 2002; Meharg 2003; Gohre and
Paszkowski 2006; Hildebrandt et al. 2007; Gonzalez-
Guerrero et al. 2009). Here we do not pretend to give
a recompilation of decades of intense research in this
field. This paper aims to give an up-to-date glance
into current knowledge of the mechanisms evolved
by AM fungi to avoid uncontrolled accumulation of
Cu in their cytosol and to grow in Cu contaminated
environments.

Glomalin, an AM fungal protein to cope
with metal pollution

Glomalin was discovered in 1996 by Wright et al.
(1996) and defined as a protein secreted or released
by AM fungi into the soil where it would aid in soil
aggregation. Since then glomalin has been operation-
ally defined as a soil protein fraction obtained using
harsh extraction methods (citric acid buffer, auto-
claving, a pH of either 7.0 or 8.0) and by its reactivity
with a monoclonal antibody (MAb32B11) raised
against an unknown epitope on crushed spores of
Glomus intraradices. Given the uncertainty about the
identity of the soil-derived material used for its
quantification and the recent description of the gene
sequence of the immuno-reactive AM fungal protein
(Gadkar and Rillig 2006), a new nomenclature was
proposed, where the term glomalin is used just for the
description of the gene product, and the soil-derived
proteins, so far referred to as “glomalin”, are
designated glomalin-related soil proteins (GRSP)
(Rillig 2004).

A role for GRSP in reducing Cu bioavailability in
contaminated soils has been proposed based on their
capability to sequester Cu (Gonzalez-Chavez et al.
2004; Cornejo et al. 2008). In vitro experiments have
shown that glomalin extracted from hyphae of
Gigaspora margarita can sequester up to 28 mg Cu
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per g of protein (Gonzalez-Chavez et al. 2004). AM
fungi, thereby, may influence Cu availability at the
hyphosphere and rhizosphere, which, in turn, will
decrease the toxicity risk to other soil microorgan-
isms and plants growing in these areas.

Recently, with the observation that the protein is
predominantly present in the fungal mycelium (80%)
rather than secreted (Driver et al. 2005) and with the
description of the glomalin gene sequence as a
putative heat shock protein 60 (Gadkar and Rillig
2006), a new hypothesis for glomalin function has
been raised. It has been proposed that glomalin has a
primary function in the living hyphae, and that effects
arising in the soil are secondary consequences (Purin
and Rillig 2007). Given that heat shock proteins are
stress-related proteins and the strong positive corre-
lation found between GRSP and Cu content in the
soil, it is tempting to speculate that a response of the
fungus to high soil Cu levels would be to over-
express glomalin and that the primary role of this
protein would be to protect the fungus from the
damage provoked by the Cu excess by repairing the
fungal proteins. Then, through the deposition of
glomalin-Cu complexes, it would contribute to
reduce bioavailability of the contaminant.

Immuno-localization analyses of glomalin employ-
ing the monoclonal antibody MAb32B11 revealed
that the protein was mainly located at the cell wall
(Purin and Rillig 2008). Location of glomalin at the
cell wall would explain, at least partially, the high
affinity of the fungal walls for Cu, as we revealed by
using a combination of transmission electron micros-
copy and energy-dispersive X-ray spectroscopy
(EDXS) (Gonzalez-Guerrero et al. 2008).

Developmental responses of AM fungi to Cu excess

Metal contaminated soils usually contain a spatially
heterogeneous distribution of metal concentrations
and available nutritional resources. Assuming that
AM fungi quickly adapt to changing conditions and
their hyphae are particularly well suited to heteroge-
neous environments, an important strategy of AM
fungi for acclimation and survival in Cu contami-
nated soils would be to avoid the contaminated areas.

By analysing the morphogenetic response of
extraradical hyphae of G. intraradices monoxenically

grown in association with carrot roots when con-
fronted to several Cu concentrations, we observed
that Cu induced important changes in fungal mor-
phogenesis. These changes include loss of apical
dominance, cytoplasmic protrusions, extramatrical
coils or reduction of sporulation, such effects becom-
ing more frequent at higher Cu concentrations
(Gonzalez-Guerrero 2005). At lower Cu concentra-
tions, an increase in total hyphal length and branching
absorbing structures number was evident; while at
higher concentrations growth of the extraradical
mycelium was localized and seriously limited. Sim-
ilar effects have been reported for G. intraradices
extraradical mycelium grown monoxenically under
different stress situations, such as Cd, Pb or Zn
excess, low pH or ammonium enriched media (Bago
et al. 2004; Pawlowska and Charvat 2004). These
morphological alterations reflect the adaptive changes
of the fungus when growing under stress conditions.
As stated by Gadd (2007), loss of apical dominance
or negative tropisms as well as growth cessation can
be viewed as a “retreat” strategy aimed at avoiding
toxic-metal contaminated areas. Development of
extramatrical coils might also follow a fungal strat-
egy to ‘exclude’ the stress-promoting agent from the
close proximity of hyphae thus creating a sort of
stress-free havens. In this case, such aggregated
mycelia could also produce high local concentrations
of extracellular products, such as metal chelators,
reducing metal availability. Increased hyphal elonga-
tion when grown at the lower Cu concentrations, a
strategy often employed by fungi when entering toxic
metal contaminated domains (Fomina et al. 2003),
may be a mean of the fungus to escape local metal-
enriched microenvironments and reach relatively
less-contaminated pockets of the soil. These data,
hence, indicate that AM fungi may be able to survive
in Cu contaminated soils by using a metal avoidance
strategy.

The dramatic effects produced by the highest Cu
concentration on fungal development points towards
an inability of the fungus to efficiently detoxify this
ion when supplied at very high concentrations, which,
in turn, would explain the fungicide effect of this
element. Given that all these studies have been
performed with a Cu-sensitive AM fungus (G. intra-
radices DAOM 197198) and that AM fungal isolates
from contaminated substrates usually perform
better under heavy metal stress that isolates from
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uncontaminated soils (Sudova et al. 2008), further
studies using a representative set of AM fungal
isolates form contaminated and uncontaminated soils
are required for gaining a deeper insight into the
morphogenetic response of AM fungi to Cu.

Compartimentalization strategies

As shown in the previous sections, AM fungi have
evolved avoidance mechanisms to restrict entry of
toxic levels of Cu into their cytoplasm. Recently, we
have provided evidence that AM fungi have also
acquired a compartmentalization strategy to cope
with heavy metals. Our EDXS analyses of copper
ultrastructural localization in the extraradical myce-
lium of G. intraradices demonstrated that the metal
accumulated preferentially in the fungal cell wall and
in the vacuoles (Gonzalez-Guerrero et al. 2008).
Binding of metal ions onto cell walls has been
regarded as an important passive process in both
living and dead fungal biomass leading to metal
immobilization (Gadd 1990; Sterflinger 2000). Actu-
ally, certain studies indicate that the fungal wall is
responsible for 50% of the metal retained by AM
fungi (Joner et al. 2000). The affinity of the wall for
heavy metals is not surprising because of the
significant metal-binding abilities of the major con-
stituents of fungal cell walls (e.g., chitin, melanin,
and, in the case of AM fungi, glomalin, as already
mentioned).

Our EDXS study also revealed that once Cu enters
the cytosol, it accumulates preferentially in the fungal

Fig. 1 Accumulation of Cu in Glomus intraradices spores.
Extraradical mycelium of G. intraradices (DAOM181602) was
grown in monoxenic culture in a split Petri dish system.
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vacuoles and that the vacuoles having the highest
metal content are localized in the spores (Gonzdlez-
Guerrero et al. 2008). Preferential accumulation of
Cu in the spores has been also evidenced recently in
our laboratory by the detection under the binocular
microscope of some blue-green spores in the extra-
radical mycelium of G. intraradices when exposed to
high Cu levels (Fig. 1). Given that phosphate accu-
mulates mainly in the fungal vacuoles, the high
affinity of phosphate for Cu and the emerald green
colour of many Cu compounds, including copper
phosphate, we hypothesize that the blue-green spores
contain a high proportion of Cu-enriched vacuoles.
Elemental distribution studies in mycorrhizal roots
have revealed that vesicles of the intraradical myce-
lium might also serve as storage compartments for
heavy metals (Weiersbye et al. 1999; Orlowska et al.
2008). These data indicate that in AM fungi, like in
all organisms that operate an intracellular compart-
mentalization strategy to detoxify pollutants, the
excess of Cu is translocated to subcellular compart-
ments (vacuoles) where it can be stored away from
the cytosol and to specific fungal structures (extra-
radical spores and intraradical vesicles) where it
would cause less damage because these structures
usually have more limited core metabolic functions.

Our observations under the binocular microscope
of the Cu-treated mycelium also revealed that when
spores appeared in clusters only one or few of them
were blue (Fig. 1b). These data suggest that a fungal
strategy to survive in a Cu-enriched media is to
accumulate the excess of Cu in some spores,
protecting in this way the rest of the fungal colony.
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and mycelia exposed to 50 pM Cu for 48 h (b)
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Since a direct incorporation of metals through the
spore is unlikely, our observations predict an as yet
unknown mechanism of metal-sensing in the fungus
that would divert metal-rich vacuoles from the hyphal
cytosol to the spores. This hypothesis is supported by
our EDXS observation that Cu was continuously
accumulating over time in the spore vacuoles but not
in the hyphal ones (Gonzalez-Guerrero et al. 2008).

Molecular mechanisms of Cu homeostasis

Given the critical role Cu plays in crucial biochemical
reactions, and the consequences of abnormal Cu
homeostasis, it is important to understand the identity,
mechanisms of action and regulation of cellular
components responsible for the acquisition, distribu-
tion and detoxification of Cu. However, current
knowledge on how AM fungi regulate their intracel-
lular Cu levels in order to maintain proper Cu
homeostasis is scarce. The elements integrating the
molecular response of AM fungi to high Cu levels
must involve, like in all organisms, Cu chelators, Cu
shuttling molecules (Cu-chaperones), Cu transporters
and Cu-sensing transcription factors (Kim et al. 2008).

Among the best characterized Cu chelators are the
metallothioneins (MTs) (Hamer 1986; Vasak and
Hasler 2000). These are short cytosolic cysteine-rich
proteins which are able to tightly bind metals. Three
glomeromycotan MTs have been identified to date,
one in Gigaspora rosea (GrosMTI; Stommel et al.
2001), one in G. margarita (GmarMTI; Lanfranco
et al. 2002) and the final one in G. intraradices
(GintMT1; Gonzalez-Guerrero et al. 2007b). All of
them have been cloned from EST libraries in which
no metal stress was applied, suggesting a high
expression level even when no ligand is present.
Further studies indicated that GintMT1 and
GmarMT1 are able to restore Cu tolerance to MT-
deficient yeasts and that their transcription is at least
transiently induced by the presence of this metal.
However, the lack of significant amounts of Cu
present in the cytosol of Cu-treated hyphae of G.
intraradices, and the inhibitory effect of prolonged
Cu-exposure on GintMTI gene expression, suggests
that this is not the primary mechanism of control of
cytosolic Cu levels in AM fungi, when the metal is
present at supra-optimal concentrations (Gonzilez-
Guerrero et al. 2007b).

As mentioned above, a strategy used by AM fungi
to keep cytosolic Cu concentrations low is compart-
mentalization of Cu excess in the fungal vacuoles. In
order for the metal to accumulate in this organelle,
Cu transporters are required. To the best of our
knowledge, only two have been identified in AM
fungi: the ABC transporter GintABCI (Gonzélez-
Guerrero et al. 2007a) and a P-type Cu-ATPase
(Benabdellah et al. 2007). Both genes, recently
cloned in our laboratory from the AM fungus G.
intraradices, are transcriptionally up-regulated by Cu
and their gene products are likely localized in the
fungal vacuoles. These transporters couple the hydro-
lysis of ATP to the efflux of Cu, either bound to a
glutathione (GSH)-like molecule, in the case of
GintABCl1, or as a free ion provided by a Cu-
chaperone in the case of the Cu-ATPase. These
results point out at other levels of control of Cu
homeostasis in AM fungi: the GSH homeostatic
mechanism, and the role of as yet unidentified
Cu-chaperones involved either in Cu delivery to
Cu-ATPases or to other Cu-proteins (such as Cu,
Zn-SOD or cytochromes).

Homeostasis may be also achieved by altering
transport mechanisms that take up metal ions. It
remains to be answered the question on how Cu gets
into the fungus, although the most likely mechanism
is via a member of an evolutionary conserved family
of transporters called the Copper Transporter family
(Ctrl), which mediates high-affinity Cu transport into
cells of all eukaryotic organisms studied (Puig and
Thiele 2002). However, none of these transporters
has been identified yet in the Glomeromycota.

Fungal responses to Cu-induced oxidative stress

As mentioned above, Cu is a redox active metal which
also exerts its damaging effects through the production
of ROS via its participation in Fenton or Haber-Weiss
reactions. Production of ROS by Cu in the AM fungus
G. intraradices has been recently proven by Benab-
dellah et al. (2009) by using the ROS sensitive
fluorescent dye 2',7'-dichlorodihydrofluorescein diac-
etate (H,DCF-DA). As shown in Fig. 2, the Cu-treated
mycelia exhibited a fluorescence pattern similar to that
observed in the mycelia treated with the superoxide-
generating agent paraquat. Furthermore, by measuring
the lipid peroxidation levels of the membranes of
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Bright field

Fig. 2 Intracellular production of ROS in Cu-exposed Glomus
intraradices extraradical mycelia. The production of ROS was
visualized by fluorescence microscopy using the ROS-sensitive
probe H,DCF-DA. Control mycelia with no evidence of

G. intraradices when exposed to high Cu, we have also
revealed that Cu induces an oxidative injury to the
fungus (Gonzalez-Guerrero et al. 2007b).

For dealing with this imbalanced redox status and
to repair damage caused by the oxidative stress
caused by Cu, AM fungi must enhance their ROS
scavenging systems. Current knowledge on the
mechanisms involved in the defence of AM fungi
against oxidative stress is scarce, but they must
include both non-enzymatic antioxidant systems,
such as glutathione (GSH) and vitamins C, E and
B6, as well as enzymatic antioxidant systems, such as
catalases, superoxide dismutases, thioredoxins and
glutaredoxins. To date, only a few genes encoding
proteins putatively involved in ROS homeostasis
have been identified and characterized in AM fungi:
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endogenous ROS production (a, b, ¢), and extraradical mycelia
exposed to 500 uM paraquat (d, e, f) or 50 uM Cu (g, h, i).
From Benabdellah et al. (2009) with permission

three superoxide dismutases (Gonzélez-Guerrero 2005;
Lanfranco et al. 2005; Benabdellah et al. unpublished
results), ten genes putatively encoding glutathione
S-tranferases (GSTs) (Waschke et al. 2006), a
glutaredoxin (Benabdellah et al. 2009), a gene
encoding a protein involved in vitamin B6 biosyn-
thesis (Benabdellah et al. unpublished data) and a
metallothionein (Gonzalez-Guerrero et al. 2007b).
Although this metallothionein, as mentioned before,
was potentially involved in metal chelation, it was
also shown to be involved in ROS scavenging, an
activity that results from the capability of their
thiolate groups to be reversibly oxidized.
Superoxide dismutases (SODs) have an antioxi-
dant function by catalyzing the disproportionation of
superoxide anion to hydrogen peroxide, and their
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activity requires redox active metal ions (Fridovich
1995). To date two types of SODs have been
identified in AM fungi: a Cu,Zn-depending SOD,
identified in the AM fungi G. margarita (GmarCuZn-
SODI; Lanfranco et al. 2005) and G. intraradices
(GintSOD1; Gonzalez-Guerrero 2005), and a Mn-
depending SOD in G. intraradices (GintSOD2;
Benabdellah et al. unpublished results). Functional
characterization of these genes in the Saccharomyces
cerevisiae Cu,Zn-SOD (sodl) and Mn-SOD (sod2)
null mutants has provided evidence about the
antioxidant functions of their corresponding proteins.
However, our gene expression analyses suggest that
in G. intraradices, the Mn-SOD seems to be essential
for defence against the superoxide generated in the
mitochondrial respiratory chain, while the Cu,Zn-
SOD plays a role both against externally and
metabolically-generated superoxide. Up-regulation
of GintSODI by high Cu levels indicates a role for
this protein in scavenging the ROS resulting from the
redox activity of this metal (Gonzalez-Guerrero
2005).

While SODs belong to a group of enzymatic
antioxidant systems that act directly as ROS detox-
ifiers, AM fungi must also posses a second group of
enzymatic antioxidant systems, such as glutaredoxins
and thioredoxins, which act as redox regulators of
protein thiols and contribute to maintain the redox
balance of the cell. Both enzymes are small oxido-
reductases, conserved through evolution, which con-
tain conserved cysteine residues in their active sites.
Despite considerable functional overlap between
glutaredoxins and thioredoxins, the oxidized disul-
phide form of thioredoxin is reduced directly by
NADPH and thioredoxin reductase whereas glutare-
doxins are reduced by GSH using electrons donated
by NADPH (Wheeler and Grant 2004). Recently, a
G. intraradices glutaredoxin (GintGRX1), belonging
to the dithiol group of glutaredoxins, has been
characterized (Benabdellah et al. 2009). Given that
GintGRX1 reverted sensitivity to superoxide radicals
of a yeast strain defective in dithiol glutaredoxins and
that it is transcriptionally up-regulated by superoxide,
a role for this protein in oxidative stress protection in
G. intraradices was proposed. The protective effect
of GintGRX1 could also be explained by its complex
biochemical properties, illustrated by the fact that it is
also active as GSH peroxidase and GST. Up-regula-
tion of GintGRX1 by Cu also points towards a role for

this protein in protecting the fungus against the
oxidative damage induced by this ion. Although a
G. intraradices thioredoxin gene has been identified
in two suppressive substractive hybridization (SSH)
libraries enriched in heavy metal induced transcripts
(Ouziad et al. 2005; Waschke et al. 2006), the role of
these proteins in AM fungi remains to be ascertained.
Participation of GSTs, enzymes that catalyze the
conjugation of glutathione with a variety of reactive
electrophilic compounds, in the alleviation of heavy
metal toxicity in AM fungi has been also proposed
(Waschke et al. 2006; Hildebrant et al. 2007).

In addition to these enzymatic systems, AM fungi
must also have small molecules acting as antioxi-
dants, such as GSH and vitamins B6, C and E. Given
that glutaredoxins and GSTs are induced in response
to Cu and that GSH acts as redox donor for these
enzymes, GSH must play a major role in repairing the
oxidative damage induced by Cu in AM fungal
proteins. Finally, up-regulation by superoxide and Cu
of a G. intraradices gene encoding a protein involved
in vitamin B6 biosynthesis (GintPDXI) suggests a
potential role of vitamin B6 in the alleviation of Cu-
induced oxidative stress in AM fungi (Benabdellah
et al. unpublished data).

Conclusions and outlook

In spite of the important role AM fungi can play in
the phytoremediation of Cu contaminated soils, little
is known to date about the mechanisms involved in
Cu uptake by AM fungi and the regulation of Cu
homeostasis. Some advances in particular aspects of
the avoidance strategies, metal compartmentalization
in fungal constituents and mechanisms to cope with
Cu-induced stress in AM fungi have been produced
in the last few years. However, we still lack a
comprehensive view of the Cu homeostatic pro-
cesses. Most of the molecular mechanisms remain to
be elucidated, being of special interest the transport
mechanisms. A challenge for future research is to
understand how Cu is safely stored and accessed
within the fungus. The integration of knowledge
arising from the G. intraradices whole genome
sequence project with information provided by
transcriptomics and advanced functional analysis of
target genes from this and other AM fungi, will
contribute to reveal the full range of genes potentially
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involved in metal tolerance and homeostasis and the
potential interactions and synergies between different
tolerance mechanisms in response to metal exposure.
A further level of complexity will be to understand
how metal tolerance, at the whole plant level, is
affected by the establishment of the AM symbiosis.
The mechanisms by which AM fungi effectively
restrict metal translocation to the shoots and affect
metal distribution among different plant organs
deserve further investigation.

Isolation of indigenous, and presumably adapted
AM fungi, more suitable for phytostabilization pur-
poses than laboratory strains, can be a potential
biotechnological tool for successful restoration of
degraded ecosystems. Knowledge of the regulatory
mechanisms that allow adapted AM fungi to tolerate
the excess of Cu in a polluted environment will
provide valuable information and will allow identi-
fying the determinants of metal tolerance in these
fungi. An enhanced understanding of all these
processes will provide essential tools for efficient
phytoremediation practices.
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