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1. Introduction

Plant roots were defined from phytoremediation point of view as “exploratory, liquid-
phase extractors that can find, alter and/or translocate elements and compounds against
large chemical gradients” [1]. Since the roots of majority of higher plants live naturally
in symbiosis with different types of mycorrhizal fungi [2], this association should be
regarded as an organic component of the phytoremediation systems [3, 4, 5]. However,
relatively few studies have focused on the effects of mycorrhiza on phytoremediation
and vice versa, despite the widely acknowledged importance of mycorrhizal symbionts
for plant growth and fitness particularly in harsh environments.

By various mechanisms mycorrhizal fungi are able to take either direct or indirect
part in different processes of phytoremediation of contaminated soils including
phytostabilisation, phytoextraction or phytodegradation. Indirectly, mycorrhiza can
increase plant ability to withstand soil phytotoxicity due to improved nutrition,
particularly in the soils with relatively immobile phosphorus, protect plants against root
pathogens and drought stress and enhance soil aggregation and consequently increase
retention of xenobiotics. These functions are of particular importance mainly in
degraded and contaminated soils that are often poor in nutrients, with low water holding
capacity and adverse physical conditions. Through altered root exudation, mycorrhiza
may also affect composition and activity of microbial communities in the rhizosphere
towards the microflora more effective in xenobiotics degradation or microflora, which
stimulates plant growth (plant growth promoting rhizobacteria such as nitrogen-fixing
bacteria). Furthermore, mycorrhizal fungi also directly help the plant to escape from the
build-up of phytotoxic concentrations of certain pollutants by secreting specific
detoxifying compounds (e.g. organic acids) or by binding the pollutants into fungal
tissues associated with the roots and thus creating a physical barrier against their
translocation to the shoots of the host plant. Important role in direct interactions of all
types of mycorrhiza with soil contamination plays so called extraradical fungal
mycelium (ERM) radiating from the colonised root cortex far into the surrounding soil.
This mycelial network represents extensive interface between roots and pollutants
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dispersed in soil. Until now, some experimental data were published on possible role of
different types of mycorrhiza in phytoremediation of xenobiotics, however, majority of
those represents results of microcosm experiments and is focused mainly on heavy
metals. This chapter is not a detailed review of the literature which is rather extensive in
particular for ectomycorrhizal symbiosis, but it focuses on basic features of the role of
mycorrhizas in phytoremediation, shifts in occurrence of mycorrhizal fungi in degraded
and contaminated soils, the effects of xenobiotics (heavy metals — HMs, polyaromatic
hydrocarbons — PAHs and polychlorinated biphenyls — PCBs) on development of
symbioses and the effects of symbioses on plant tolerance and fitness in contaminated
environment.

The role of mycorrhiza in phytoremediation should be viewed from the perspective
that there are different types of mycorrhizal symbiosis varying in host plant species and
each mycorrhizal type can also exhibit different mechanisms of interaction with
xenobiotics. Two basic types of mycorrhizal symbiosis are endomycorrhiza and
ectomycorrhiza. The endomycorrhiza is further divided into several subtypes among
them arbuscular mycorrhizal and ericoid mycorrhizal being the most important and
having a relevant role in phytoremediation, other subtypes such as orchideoid or
arbutoid mycorrhizas are rather marginal from this point of view.

2. Potential of mycorrhizal fungi in phytoremediation of xenobiotics

2.1. ARBUSCULAR MYCORRHIZAL (AM) FUNGI

The arbuscular mycorrhiza is the most ubiquitous as the arbuscular mycorrhizal fungi
belonging to the phylum Glomeromycota [6] form symbiosis with more than 80% of
vascular plant species [2]. This type of mycorrhiza occurs in majority of the terrestrial
ecosystems, however, it is difficult to be observed by naked eye in nature as the AM
fungi form only spores in the soil and not the fruiting bodies and symbiosis does not
change morphology of the colonised roots.

The AM fungi have not been considered as an important component of HM
phytoremediation protocols in early studies because many metal hyperaccumulators, often
small and slowly growing, belong to plant families Brassicaceae or Caryophyllaceae that
predominantly do not form mycorrhizal symbiosis [7]. However, a range of plant species
intended for phytoremediation practices has been extended also to the plants capable of
forming AM symbiosis and readily producing large biomass (e.g. maize, tobacco, hemp,
sunflower or some hardwood trees), partly along with the progress in genetic
engineering and possibility to introduce genes inducing hyperaccumulation of
xenobiotics [8]. Regarding different phytoremediation strategies feasible for HM
contaminated soils, AM fungi are of interest especially for phytoextraction and
phytostabilisation, whereas their potential for rhizofiltration technique is negligible due
to a limited ability of AM fungi to survive under long-term flooding [4].
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2.2. ERICOID MYCORRHIZAL (ERM) FUNGI

Ericoid mycorrhiza is a distinctive subtype of endomycorrhiza formed mostly by
ascomycetous fungi inhabiting fine roots of the members of Ericaceae [9]. Ericaceous
species have worldwide distribution occurring and sometimes dominating over large
areas in both Northern and Southern Hemisphere. Their habitats are characterized by
challenging environmental conditions including acidic, nutrient poor substrates with high
carbon/nitrogen ratio, low decomposition rate, poor drainage and not least by elevated
level of toxic compounds including heavy metals [2, 9].

The key role of the ErM fungi for the establishment of ericaceous vegetation at HM
polluted habitats is widely accepted [10, 11, 12], as ericoid endophytes show high
resistance to metal toxicity as compared to other mycorrhizal fungi [13]. Since
ericaceous species occurring at HM contaminated sites are relatively slowly growing
dwarf shrubs, their role in phytoextraction is unlikely to reach significant levels on
industrial scale. However, the ErM fungi are suggested to be the key factors enabling
ericaceous dwarf shrubs to dominate at HM polluted sites [11]. The ericaceous plants
are often the first colonisers of such habitats [12], which together with their ability to
grow at nutrient poor substrates underline their phytostabilisation effect in natural
succession on contaminated sites.

2.3. ECTOMYCORRHIZAL (ECM) FUNGI

Ectomycorrhiza occurs in majority of coniferous trees and also in numerous broadleaved
trees mainly from the families Fagaceae, Betulaceae and Ulmaceae. The EcM
associations are formed mainly by basidiomycetous or ascomycetous fungi, most of them
produce fruiting bodies known as mushrooms. Unfortunately, the diversity of fruiting
bodies aboveground is not necessarily connected with the diversity of fungi forming
ectomycorrhizas underground. In contrast to other types of mycorrhiza, these
associations change distinctly morphology of the root system by forming typically
thickened ectomycorrhizal root tips, from which dense fungal mycelium spreads into
surrounding soil exploiting its nutrient sources. Extraradical ectomycorrhizal mycelium
often forms thick and dense hyphal cords called rhizomorphs serving for water and
nutrient transport between distant parts of mycelium.

Plants growing on contaminated substrates benefit from the associations with the
EcM fungi, which can support their growth by improving their nutrient and water uptake
and also alleviate HM toxicity. Areas polluted by HM are often re-vegetated with trees
and EcM fungi are regarded as positive factors influencing survival of tree species at
such areas [14] thus significantly affecting site phytostabilisation.
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3. Effect of xenobiotics on occurrence of mycorrhizal fungi and development
of mycorrhizal symbioses

3.1. ARBUSCULAR MYCORRHIZAL FUNGI

There are relatively scarce data on the effects of soil contamination on field abundance
and diversity of populations of AM fungi. It was found that contamination of soils with
heavy metals decreased numbers of AM propagules and reduced mycorrhizal infectivity
of soils as compared to uncontaminated sites [15, 16, 17]. Nevertheless, spores of the
AM fungi and relatively high levels of root colonisation were reported even from highly
contaminated mine spoils as well as polluted agricultural soils [18, 19, 20, 21, 22]. A
great variability in HM tolerance of different AM fungi isolates have been shown [23,
24, 25], with higher HM tolerance often reported for indigenous isolates obtained from
polluted soils as compared with non-indigenous ones [26, 27, 28]. Especially the isolates
capable to tolerate extreme soil contamination represent a valuable material for potential
inoculation of plants within phytoremediation programmes. More attention should be,
however, paid to the stability of high HM tolerance of these isolates during sub-culturing
process since significant shifts in tolerance to contamination have been recently reported
under keeping in conditions without selection pressure. For example, a decline in Mn
tolerance of a Glomus sp. isolate from a Mn contaminated substrate was shown after its
2-year maintenance in metal-free substrate, compared with the lineage grown constantly
under HM stress in the original substrate [28]. A similar decrease in Al tolerance of
Glomus clarum isolates was reported, with the tolerance decreasing with increasing time
under conditions without metal exposure [25].

Negative effects of heavy metals were observed at any ontogenetic stage of AM
development, from spore germination, germ tube growth, root penetration and
colonisation to proliferation of the extraradical mycelium into surrounding soil and
formation of new spores. Considerable sensitivity of spore germination to HMs was
firstly described almost thirty years ago [29, 30] and this stage was repeatedly shown as
more sensitive than subsequent germ tube growth [23, 31]. A majority of results on HM
effect on AM development refers, however, to the level of root colonisation in HM
contaminated substrate. Generally lower percentage of root colonisation in contaminated
soil is a complex phenomenon caused by inhibition of spore germination, lower
extension of hyphae, unsuccessful root penetration and disruption of the internal hyphae
[11]. In comparison to intraradical phase of colonisation, only little attention has been
paid to the effect of HMs on the development of extraradical mycelium. Both higher [17,
32] and lower [33] sensitivity of ERM to HM exposure has been reported in comparison
to root colonisation.

As regards the interaction of AM fungi with organic pollutants, in one of the few
studies [34] there was found that mycorrhizal colonisation of several plant species by
indigenous AM population was not significantly affected by addition of a single PAH
(anthracene) in concentrations up to 10 g.kg™'. However, colonisation of clover and leek
decreased when industrial PAH polluted soil was added into unpolluted soil, while
maize and ryegrass colonisation was not affected. Spiking of soil with a mixture of three
PAHs reduced colonisation of clover by a non-adapted AM fungus Glomus mosseae
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BEG®69 to a half of that in non-spiked soil [35]. Uptake of phosphorus was maintained in
mycorrhizal clover when PAHs were added, but was reduced in non-inoculated clover
and in inoculated clover plants that received surfactant to increase PAH availability.
This may indicate higher PAH sensitivity of clover as compared to the AM fungus. No
such effects were observed for ryegrass. By contrast to the previous results, the
colonisation of alfalfa by G. caledonium was not significantly affected in soil artificially
contaminated with a single PAH (benzopyrene) up to 10 mgkg™ but significantly
decreased at 100 mg.kg™ [36]. In two pot experiments with PCB contaminated soils
(mixture of Delor 103 and Delor 106, total PCB concentrations 25 and 94 gkg™,
respectively), relatively high colonisation of tobacco (up to 98%) and alfalfa (up to
52%) roots by two non-adapted AM isolates was observed, depending on plant species,
cultivar and AM fungal isolate [37].

3.2. ERICOID MYCORRHIZAL FUNGI

The data on the effects of HMs on occurrence of ericoid mycorrhizal fungi in the soil are
very limited due to rather difficult quantification of ericoid mycorrhiza in the field
samples — the ErM fungi generally do not form spores or fruiting bodies. However,
occurrence of ericoid mycorrhizal fungi can be linked together with occurrence of their
ericaceous hosts, which are usually highly mycorrhizal at both disturbed and undisturbed
sites.

For the ErM fungi, there are only few reports on how heavy metals influence
development of symbiosis and growth of the host plants. Screening the effects of lead on
the growth of ericoid mycorrhizal mycobiont Hymenoscyphus ericae cultivated in vitro
showed that this fungus was able to grow on media containing up to 400 pg.ml™" Pb
[38]. The same fungus was able to grow over all iron concentrations tested (0-144
pg.ml™), exhibiting greater resistance than its host plants [39]. The growth of another
ErM fungus Oidiodendron maius isolated from mycorrhizal roots of Vaccinium
myrtillus growing in heavily contaminated soil was investigated in the presence of zinc
ions [40] and the authors found strong specificity of HM tolerance for each fungal strain.
In the presence of increasing concentrations of Zn salts (especially at higher ion
concentrations), better performance of the mentioned isolate was observed in
comparison with isolates from unpolluted soils. Differential resistance was also observed
among populations of H. ericae isolated from Calluna vulgaris from natural heathland
soils and mine-site soils contaminated with AsO,>"and Cu®* [41]. H. ericae populations
from the mine sites demonstrated resistance to AsO,’~ compared with the heathland
population; the mine-site populations produced significant growth at the highest AsO,*
concentrations (4.7 mol.m™), whereas growth of the heathland population was almost
completely inhibited. All isolates produced identical responses to increasing copper
concentrations with no differences observed between mine-site and heathland fungal
populations. Thus, H. ericae on the contaminated sites has developed an adaptive
resistance to arsenate whereas resistance to copper appears to be constitutive.
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3.3. ECTOMYCORRHIZAL FUNGI

Negative effects of heavy metals on the development of EcM symbiosis have been
repeatedly reported, both in vitro as well as in association with host plants. Decreasing
abundance and diversity of Ectomycorrhiza morphotypes with increasing concentration
of heavy metals was observed in a vicinity of the fertiliser factory [42]. Similarly, lower
average number of EcM root tips in Pinus sylvestris was reported from site polluted with
acid rain and with high aluminium availability than from a reference unpolluted site [43].
On the contrary, no evidence for a reduction of the genetic variation of subpopulations
of the EcM fungus Suillus luteus caused by HM contamination was revealed in another
field study [44]. High chromium and nickel concentrations were reported to decrease
EcM colonisation by Pisolithus tinctorius in Eucalyptus urophylla [45]. Five different
heavy metals were shown to negatively influence nitrogen acquisition efficacy of
ectomycorrhizal birch seedlings [46]. On the contrary, no adverse effects of lead
exposure on development of association of two EcM fungi with Norway spruce were
found in another study [47]. Increased concentrations of cadmium and zinc reduced
EcM colonisation of Scots pine with Paxillus involutus and EcM colonisation was found
to be more sensitive to elevated HM levels than host Pinus sylvestris itself [48]. The
authors also showed that both metals negatively influenced not only root colonisation
but also dispersal of EcM fungi from colonised roots towards non-mycorrhizal roots.
This was prominent mainly in the case of cadmium, which suppressed cross-colonisation
of non-mycorrhizal roots with mycelium from roots already colonised by EcM fungi to a
greater extent than the colonisation of already EcM roots. However, it should be noted
that HM tolerance of ectomycorrhizal fungus in pure culture and symbiotic state does
not always correlate. For example, strains of Paxillus involutus and Laccaria bicolor
exhibited similar HM tolerance in pure culture, but in association with Norway spruce
roots only the colonisation by L. bicolor but not by P. involutus was decreased by
cadmium [49].

Similarly as for the other mycorrhizal types, a strong inter- and intraspecific variation
in HM tolerance has been reported for the EcM fungi [46, 50, 51]. The isolates of EcM
fungi originating from polluted soils with high selection pressure were repeatedly shown
to perform better in the presence of increasing concentrations of heavy metals when
compared to isolates from unpolluted soils [50, 52, 53, 54]. For example, experiments
screening HM tolerance of ectomycorrhizal strains of Amanita muscaria, Paxillus
involutus, Pisolithus tinctorius, Suillus bovinus, S. luteus and Thelephora terrestris
isolated from polluted or unpolluted soils revealed that the strains originating from
unpolluted soils were strongly inhibited by HM amendment into growth media, whereas
most of the strains isolated from sporocarps growing in polluted soils exhibited tolerance
to HMs. Some of these strains were able to grow at zinc concentrations up to 1 mg.g™' in
medium [55]. The authors supposed EcM strains to be naturally selected for HM
tolerance in polluted soil, but at the same time noted the occurrence of HM sensitive
EcM strains at polluted sites, which was attributed to unequal distribution of HMs in
polluted soils. However, HM tolerance of different geographical strains of the EcM
fungi from polluted and unpolluted sites is not always predetermined by their origin, as it
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was the case of different Paxillus involutus strains screened for alleviation of aluminium
stress [56].

4. Effect of mycorrhizal fungi on xenobiotics uptake and tolerance of the host
plants

4.1. ARBUSCULAR MYCORRHIZAL PLANTS

Inoculation with AM fungi has been repeatedly reported to modify HM uptake by host
plants, however, the results are contradictory [4, 11]. In general, AM plants are more
efficient than non-mycorrhizal in the acquisition of micronutrients such as copper, iron,
manganese and zinc when available at low concentrations [57, 58, 59, 60, 61]. However,
when grown in excess of micronutrients or in soils contaminated by HMs with unknown
biological function such as cadmium, chromium or lead, both AM-mediated increases
[62, 63, 64, 65, 66] and decreases [57, 60, 67, 68] of HM concentrations in plant tissues
were observed, depending strongly on plant-fungus combination and cultivation
conditions.

Protective role of AM fungi for plants growing in HM contaminated soils together
with lower HM concentrations in plant tissues were frequently reported for inoculated
plants [59, 69, 70], although the opposite observations, i.e. growth inhibition connected
with higher HM concentrations were also shown [62, 66, 71]. Growth stimulation
induced by inoculation with AM fungi is not always connected with lower HM
concentrations in plant tissues, for example alleviation of zinc phytotoxicity in
mycorrhizal plants without any effect of inoculation on Zn concentrations was observed
[72]. In some cases, AM can be of fundamental importance for plant survival in heavily
contaminated substrate: non-inoculated plants of several species (maize, barley, alfalfa)
were not able to survive long-term without inoculation with an isolate from the
rhizosphere of a metallophyte species Viola calaminaria [21]. When inoculated with
reference fungal isolate of the same species from unpolluted soil, the positive effect on
plant growth and HM uptake was less pronounced [73]. Differences between AM fungal
isolates of different origin were reported also in other study [74] where AM fungi from a
zinc contaminated site were more effective in increasing Adropogon gerardii biomass at
higher levels of Zn in the soil whereas plant growth at lower levels of soil Zn was better
with mycorrhizal fungi from an uncontaminated site. In some cases, positive effect of
AM inoculation on host plant growth is more pronounced under conditions of HM
contamination than in control conditions or under slight contamination levels [75, 76]. It
was observed that only an obligately mycotrophic species Andropodon gerardii but not
facultatively mycotrophic Festuca arundinacea benefited from AM in uncontaminated
soil whereas both species benefited from inoculation under HM contamination [77].
Protective effect of AM can vary not only among plant species but even varieties [69].
Recently, also indigenous soil bacteria were shown to significantly modify the effect of
AM on HM uptake by host plants [78, 79]. Therefore, fungal isolates should be
thoroughly screened prior to the final inoculation of a particular host plant species not
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only in greenhouse experiments, but also directly on contaminated sites where AM fungi
inocula interact with the whole microbial community.

The data on the uptake of organic xenobiotics by AM plants are very scarce.
Amendment of soil with up to 5% of a heavily PAH polluted soil (8.1 g PAHs kg™)
reduced growth of ryegrass but AM colonisation with a non-adapted fungus (G. mosseae
BEG69) was not affected [34]. At 5 g of PAHs kg™ only mycorrhizal plants survived.
The fate of PAHs in the rhizosphere and mycorrhizosphere of ryegrass inoculated with
G. mosseae BEG69 was investigated in soil spiked with 5 g.kg™' of anthracene or with 1
gkg™ of a mixture of eight PAHs [80]. Proportion of the total PAH amount that was
taken up to plant tissues or adsorbed to roots was negligible and major part of PAH
dissipation in the rhizosphere was due to biodegradation or biotransformation. The
authors found no difference between inoculated and non-inoculated ryegrass in PAH
dissipation, however, shoot concentrations of PAHs and their adsorption to roots were
lower in mycorrhizal than in non-mycorrhizal plants.

4.2. ERICOID MYCORRHIZAL PLANTS

Results of the studies confirmed mycorrhizal colonisation with the ErM fungi as an
important factor positively influencing the resistance to heavy metals. Ericaceous plant
species themselves display HM resistance [81], but it is supposed that successful
colonisation of certain HM polluted sites requires adaptations from both host plant and
ericoid mycorrhizal fungus [12]. In general all reports on experiments with the ErM
fungi showed lower content of heavy metals in shoots of mycorrhizal plants as compared
to non-mycorrhizal plants but often increased HM accumulation in the roots. Seedlings
of Vaccinium macrocarpon colonised by Hymenoscyphus ericae showed increased
tolerance to lead expressed in reduced translocation of Pb to the shoots when compared
to non-mycorrhizal seedlings [38]. In another study, two races of Calluna, one from a
HM polluted site, the other from an unpolluted natural heathland, were compared under
mycorrhizal and non-mycorrhizal conditions in sand cultures with different levels of
copper and zinc [82]. The colonisation by ErM fungi lead to significant reduction of the
HM content in shoots of experimental plants. The ErM fungi from the study were Cu
resistant regardless of the site of their origin. Mycorrhizal endophytes isolated from
Calluna vulgaris, Vaccinium macrocarpon and Rhododendron ponticum were reported
to protect their host plants against metal toxicity when grown together in sand with
addition of copper (concentrations from 0 to 75 mg.1™") and zinc (concentrations from
0-150 mg.1™") [83]. All EtM fungal endophytes were able to grow even at the highest
concentrations of both elements in pure cultures. Mycorrhizal plants also showed at least
some growth in all treatments, whereas non-mycorrhizal plants failed to grow at all but
the lowest Cu and Zn concentrations. Mycorrhizal plants had lower concentrations of
metals in their shoots than non-mycorrhizal but higher metal concentrations in roots. The
role of the ErM colonisation in the regulation of iron uptake was investigated in a study
where ericaceous plants were exposed to various Fe concentrations corresponding to
those occurring in the extracts from heathland soil (0-144 ug.ml’]) [39]. The authors
observed very high affinity of mycorrhizal roots of V. macrocarpon and C. vulgaris for
absorption of Fe at low concentrations, which was not observed for non-mycorrhizal
roots. They suggested the involvement of a hydroxamate siderophore in the absorption
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of Fe by mycorrhizal plants at low external concentrations. At higher concentrations, the
presence of fungal endophyte decreased Fe uptake to shoots resulting in lower
concentrations of Fe in shoots comparing to non-mycorrhizal plants. A strain of H.
ericae decreased Fe content in shoots of Vaccinium macrocarpon and reduced HM
toxicity symptoms of the host plant [84].

4.3. ECTOMYCORRHIZAL PLANTS

Regarding heavy metal uptake by host plants, EcM fungi can decrease the uptake of
range of elements, e.g. aluminium [85], cadmium [50], copper [86], lead [87] and zinc
[50] and thus alleviate HM toxicity to the host plants. For example, the seedlings of
birch, pine and spruce were reported to be less susceptible to toxic concentrations of
zinc, copper, nickel and aluminium when formed associations with several EcM fungi
[88]. In another study, Paxillus involutus ameliorated the toxicity of cadmium and zinc
to Scots pine seedlings in terms of root length [89]. Even though cadmium inhibited
ectomycorrhiza formation in seedlings, colonisation with P. involutus decreased
cadmium and zinc transport to the plant shoots and also altered the ratio of zinc
transported to the roots and shoots, with higher amount of cadmium retained in the roots
of the seedlings. Investigations on the effect of Paxillus involutus, Suillus luteus and
Thelephora terrestris on the copper resistance of Pinus sylvestris revealed that although
Suillus luteus was more sensitive to increased copper concentrations than the other two
fungi, it prevented HM accumulation in the needles of Pinus sylvestris; this ability was
absent in T. terrestris [86]. Alleviating effect of the EcM fungi on HM toxicity was
observed across wide range of fungal species, therefore, it seems to be universal feature:
protective effects of Thelephora terrestris, Laccaria laccata, Scleroderma citrinum,
Paxillus involutus, Suillus luteus and S. bovinus against cadmium in Pinus sylvestris
seedlings were demonstrated [50].

On the other hand, some studies report that EcM fungi do not limit uptake of heavy
metals by their host plants, moreover, they can increase such an uptake, which was the
case of zinc in Pinus sylvestris inoculated with Thelephora terrestris [54]. Increased
uptake of aluminium by host plants mediated by EcM fungi was show as well [90]. EcM
fungi can affect HM stress in host plants differently according to the metal screened:
Laccaria proxima, Lactarius hibbardae, L. rufus and Scleroderma flavidum increased
tolerance of Betula papyrifera to different concentrations of nickel but negative growth
effect of ectomycorrhizal fungi were observed at elevated levels of copper [91]. Also the
concentration of the metal in the medium plays a significant role: regulation of zinc
uptake by EcM fungi in Pinus sylvestris was dependent on the concentration of metal in
the mycorrhizosphere [92]. At low Zn concentrations, the EcM fungi increased its
uptake, whereas at high external Zn concentrations, the EcM fungi were able to maintain
shoot Zn concentrations at relatively low levels. This effect of EcM fungi was
hypothesised to be involved also in uptake of other heavy metals and it might explain
also contradictory data reported on HM uptake [93].

Little information is available on EcM effects on host tolerance to organic pollutants.
Tolerance of pine seedlings to m-toluate was unaltered regardless of the presence or
absence of the EcM fungus Suillus bovinus or biodegradative bacteria in microcosms
containing expanded clay and growth media [94]. On the contrary, fungus tolerance was
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significantly increased when grown in symbiosis with pine: it was able to withstand two-
order higher concentration of m-toluate as compared to the pure culture on agar plates
(0.02 vs. 2.0 mg.kg™"). Fungal survival on agar was increased in a co-culture with the
degradative bacterial strain.

5. Possible mechanisms of the interaction of mycorrhizal fungi and their host plants
with xenobiotics

5.1. HEAVY METALS

Most of the references on potential mechanisms of plants-mycorrhizae-xenobiotics
interaction are again related to heavy metals. It is generally acknowledged that
mycorrhizal amelioration of metal toxicity is achieved via several physiological
processes rather than through a single mechanism and that participation of single
mechanisms in metal detoxification is metal- and species-specific [4, 95, 96].

Firstly, extraradical fungal mycelium radiating from the roots and exploiting non-
rhizosphere soil enables the mycorrhizal plants to capture nutrients, mainly immobile
ones such as phosphorus, zinc, copper and ammonium, also from sources non-available
to non-mycorrhizal plants. Due to better nutrition, growth stimulation is often observed
in mycorrhizal plants, sometimes connected with lower concentrations of HMs in plant
biomass [e.g. 68, 97]. However, this “growth dilution effect” cannot explain all the
experimental results and also another, direct mechanisms must be involved.

As the main mechanism, immobilisation of HMs in both intra- and extraradical
fungal structures and resulting restriction of metal transfer into plant tissues has been
suggested [4, 98]. In accordance with this theory, it was shown that inoculation with
different EcM strains decreased zinc and cadmium uptake into pine shoots and the
fungus producing more extensive extraradical mycelium showed greater effect on
overcoming metal toxicity and lowering shoot metal concentrations [50, 54]. Non-
mycorrhizal pine seedlings were reported to transport more copper to above-ground
parts, however, roots and extraradical mycelium of inoculated plants accumulated up to
two times more metal than non-mycorrhizal roots [99]. Similarly, EcM colonisation
decreased Zn and Cd transport to the plant shoots and influenced the proportion of Zn
transported to the roots and shoots, with a higher proportion retained in the roots of the
seedlings [100]. Recently, accumulation of large amounts of aluminium at the fungal
mantle and in areas with the Hartig net was described in the pine roots colonised by an
EcM fungus [101]. Increased root but decreased shoot HM concentrations were also
reported for three ericoid mycorrhizal plant species [83] and the authors hypothesised
that fungus provided adsorptive surfaces for binding of metals and thus facilitated
exclusion of metals from the shoots. Concerning AM fungi, metal immobilisation in
fungal tissues and lower metal partitioning to the shoots of inoculated plants was also
repeatedly demonstrated [57, 102]. For example, root-to-shoot ratio of Cd
concentrations of 3.15 was reported in mycorrhizal clover plants compared to only 1.66
in non-mycorrhizal plants [67]. However, retention of the HMs in fungal structures does
not seem to be a universal phenomenon as inoculation was shown to lead to the
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completely opposite results in some cases and significantly enhanced translocation of
HMs from roots to shoots of mycorrhizal plants was observed [68, 103]. Retention of
HMs in fungal structures inside colonised roots was supported also by several
microanalytical studies. Accumulation of metals within intracellular AM hyphae, mainly
in phosphate-rich materials in the vacuoles, was reported in the mycorrhizal roots of the
fern Pteridium aquilinum from a contaminated soil [104]. A massive accumulation of
heavy metals in inner cortical cells of AM colonised maize roots where arbuscules and
intraradical hyphae were located was also confirmed using different microbeam
techniques [73]. Further, a high cadmium and zinc sorption capacity of the ERM of AM
fungi in comparison with other microorganisms was shown [105] and a metal tolerant
Glomus mosseae isolate showed significantly higher binding capacity than non-tolerant
isolate of the same species. Similarly, a very high cation exchange capacity for lead
absorption was reported for the fungal mycelium of two EcM fungi [106]. Different
HMs can be detoxified via different mechanisms, as shown by a study where Cd was
complexed predominantly extracellularly in the Hartig net hyphae, whereas zinc was
sequestered also in the cytosol of mantle hyphae [107]. Binding of cadmium onto fungal
cell walls as well as accumulation of Cd in the vacuolar compartments was described for
in vitro grown EcM fungus Paxillus involutus [108]. Cytoplasmatic sequestration of
metals may be realised via different thiol compounds, including reduced glutathione,
phytochelatins and metallothioneins that are essential components of HM detoxification
pathways in various organisms. Using a specific histochemical staining, induction of
protein-bound thiolate clusters in EcM hyphae in response to cadmium was detected
[109] and the sulphur-rich clusters were hypothesised to be derived from metallothionein
or metallothionein-like proteins. Later, a metallothionein-like protein was detected in two
tolerant EcM fungi in response to copper exposure and this compound associated with as
much as 90% of the total copper [110]. Recently, a drastically increased production of
the Cd-modulated compound most probably related to a metallothionein was detected in
Cd-exposed EcM mycelium of Paxillus involutus [111]. In contrast, neither
phytochelatins nor metallothioneins were detected in EcM fungus exposed to Cd, in
spite of increased glutathione levels [112] and the authors concluded that rather
glutathione and glutamylcystein were involved in metal detoxification. Similarly,
increased contents of glutathione and lack of phytochelatin induction in two different EcM
fungi exposed to cadmium were reported recently [111, 113]. As far as AM fungi,
increased synthesis of metallothioneins by mycorrhizal plants was also proposed [114,
115], however, higher synthesis of peptides containing thiol groups was not revealed in
roots of AM-inoculated plants exposed to high Cd and Cu concentrations, in spite of
increased concentrations of cysteine, glutathione and glutamycysteine. Recently, a novel
metallothionein-like gene that was selectively up-regulated by Cu exposure was
identified in the ERM of AM fungi [116].

Apart from metal binding onto cell walls, accumulation of copper in the
mucilaginous outer hyphal wall zone of the ERM of AM fungi was reported [117] and
the authors suggested an employment of extracellular glycoprotein glomalin into HM
detoxification. Similarly in EcM fungi, zinc was shown to be bound not only to
extraradical hyphal walls, but also to extrahyphal slime polymers [53]. In accordance
with this finding, a frequent excretion of extracellular mucilaginous substances by EcM
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fungal cultures exposed to higher metal concentrations was observed [118]. The
correlation between excretion of loosely adhering extrahyphal slime and zinc tolerance
of fungal strains and the degree of amelioration of zinc toxicity to mycorrhizal host
plants was reported also for ErM fungi [119]. A significantly higher production of oxalic
acid by EcM pine seedlings than non-mycorrhizal controls was reported in response to
aluminum exposure [120] and it was assumed that ectomycorrhizae produce or stimulate
the roots to secrete organic acids that bind Al and prevent its absorption. Study on a Zn
and Cd tolerant strain of ErM fungus Oidiodendron maius showed that the increase in
concentration of Zn ions in cultivation medium induced a shift in the spectrum of
proteins secreted by the fungus towards more basic, low molecular weight polypeptides
[121]. Among other products, two superoxide dismutase isoforms were found as well.
These are known to act in HM response in plants, animals and microorganisms and the
authors hypothesised that they could play similar role also in ErM fungi. As another
option how mycorrhizal plants may influence metal uptake, modification of metal
solubility mediated by changes in pH of soil solution was suggested [122] as higher pH
values and lower zinc concentrations in soil solution were observed in mycorrhizal
treatments.

Interesting mechanism of eliminating arsenate toxicity was reported for the ErM
fungi growing in arsenate-polluted soils. Arsenate is analogical to phosphate and can be
transported across the plasma membrane via the phosphate co-transporter [123]. The
ErM accumulating arsenate in their hyphae would thus transport phosphorus together
with arsenate into plant tissues resulting in negative consequences to host plants. But
Hymenoscyphus ericae strains from arsenic-polluted sites had the ability to reduce
arsenate to arsenite and excrete the latter from their hyphae [124, 125]. By this way, H.
ericae actively accumulated phosphate while eliminating arsenate and transported
phosphate to the host plant. Ericaceous host plants appear to lack altered phosphate-
arsenate uptake system and seem to be dependent on their mycobionts regarding
alleviation of arsenate toxicity [125].

Also other mechanisms how mycorrhizal fungi cope with elevated concentrations
heavy metals in their environment have been proposed (e.g. chelating by pigments with
metal binding ability such as melanin, enzymes resistant to inactivation by metal
binding, modified uptake systems at the plasmalemma, ability of membranes to
withstand attack from oxygen radicals), their role, however, remains unravelled [12, 96,
126].

5.2. ORGANIC COMPOUNDS

It was shown that dissipation of condensed PAHs might be enhanced in the presence of
AM fungi in the soil spiked with a mixture of different PAHs [127]. These results were
consecutively verified in pot experiments conducted in two different industrially
polluted soils [128]. In general, following explanations were suggested by the authors to
elucidate the contribution of AM to PAH degradation: i) mycorrhiza modifies root
enzyme activity, exudation and architecture in a manner that stimulates PAH
degradation, either by root-derived enzymes or by rhizosphere microorganisms, ii)
mycorrhizal colonisation affects root surface or rhizosphere soil properties that act on
PAH availability through adsorption. Several examples of above mentioned capabilities
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of AM fungi can be found in the literature. Mycorrhiza was reported to enhance amount
of hydrogen peroxide in the roots [129] and to stimulate oxidoreductase activities in the
roots and the rhizosphere [130]. These mechanisms may contribute to increase of PAH
dissipation associated with mycorrhizal roots. Mycorrhizal colonisation also modifies
root exudation both quantitatively and qualitatively [131, 132], which could have further
effects on the composition and activity of microbial communities in the rhizosphere
[133, 134]. This mycorrhiza-associated microflora may be more effective in organics
degradation in comparison with that related to non-mycorrhizal roots. Accumulation of
phenolics in the roots or rhizosphere soil of mycorrhizal plants could induce degradation
of more complex aromatic compounds [135].

Effects of AM on root longevity and proportion of higher order lateral roots with
short life span was documented for several plant species [136]. Accumulation of root
debris together with the ability of mycorrhizal plants to enrich the soil in organic matter
[137] may contribute to enhanced PAH adsorption in plant rhizosphere. Finally, AM
colonisation results in formation of an extensive network of extraradical mycelium,
which can modify surrounding environment by extrusion of glycoproteins [138] and
extracellular enzymes [139]. Hyphal biomass together with the two latter substances can
serve as substrates for microbial growth. Nutrients derived from extraradical hyphae of
AM fungi were hypothesised to drive co-metabolic degradation of PAHs within small soil
pores where PAHs are spatially unavailable to roots [127].

Most of the ectomycorrhizal fungi have some limited ability to use polymers such as
lignin and cellulose as substrates for their growth [2], however, their ability to degrade
polymers of this kind was supposed to be much lower as compared to wood
decomposers or even of some ericoid mycorrhizal fungi [140, 141, 142]. As it was
recently reviewed, most of the EcM fungi screened for degradation of persistent organic
pollutants are able to transform these compounds [143]. On the other hand, most reports
concern degradation in pure cultures, rather than in symbiosis with plants. It has been
demonstrated that EcM fungi can degrade e.g. trinitrotoluene [144], dichlorphenol [145],
atrazine [146] and several 3-5 ring PAHs [147]. Only limited PAH degrading abilities of
EcM fungi and decreased mineralisation of some PAHs in microcosms with EcM pine
seedlings vs. unplanted microcosms inoculated with ectomycorrhizosphere soil were
documented [148]. On the contrary, mineralisation of dichlorphenol was stimulated when
EcM fungi were cultivated in symbiosis with pine than when grown in absence of the
host [145].

Also degradation of lower chlorinated PCBs by eight of 13 studied species of EcM
fungi was reported, however, only two species were able to degrade 4 and 5 chlorinated
biphenyls [149]. While EcM fungi could sequentially hydroxylate a halogenated
biphenyl ring (parent compound is then more polar and bioavailable), they were unable
to cleave the ring [150]. However, hydroxylation of the biphenyl ring can be an
important initial metabolic step facilitating degradation of PCBs by other rhizosphere
organisms that have the capacity to degrade compounds further [143]. In this context it
can be hypothesised that the presence of EcM fungi may negate the need for the
presence of co-substrates. Although the tolerance of EcM fungi to different aromatic
compounds is lower as compared to white rot fungi and depends on the compound type,
its external concentration and the fungal species, the degradative capabilities of different
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fungi varied between species but not generally between the biotrophic and saprotrophic
fungi [151].

6. Conclusion

Application of mycorrhizal fungi as supportive agents for phytoremediation can
generally eliminate or reduce some known limitation of phytoremediation processes.
Mycorrhizal fungi can help plants to acquire nutrients more effectively, increase their
tolerance to edaphic stress and change accumulation of pollutants in plant tissues.

Reduced HM concentrations in plant tissues of mycorrhizal plants, together with an
amplified barrier against metal translocation from plant roots to shoots, are favourable
for phytostabilisation that is aimed at prevention of contamination spreading into the
surroundings. The presence of AM fungi leading to decreased HM concentrations in
plant shoots can be also an important factor for quality and safety of plants which enter
food chains such as forage crops, medicinal herbs and vegetables. For example, tobacco
was found to accumulate significantly less cadmium in the leaves when inoculated with
selected AM fungi [8].

On the other hand, enhanced HM concentrations in the shoots of mycorrhizal plants
induced by some mycorrhizal fungal isolates represent optimal conditions for
phytoextraction technique. In some cases, elimination of present AM fungi populations (in
particular if they involve strains decreasing HM translocation to the shoots) might be
recommended before phytoextraction beginning. For example, application of the
fungicide benomyl detrimental to mycorrhiza was shown to significantly decrease root
colonisation and simultaneously to increase Pb concentrations in plant shoots [153].
Mycorrhizal fungi may be crucial also for re-vegetation efforts after heavy metal
removal as the rate of site re-vegetation may be accelerated when AM fungi are present
in soil. However, little is known about mycorrhiza functioning under conditions imposed
by particular metal remediation protocols. First investigations have appeared showing
that the quantity and species composition of glomalean propagules and the functioning
of AM symbiosis could be significantly influenced by phytoextraction treatments (the
choice of plant species, i.e. non-mycotrophic vs. mycotrophic, soil supplements etc.) [7].
Recently, negative effects of synthetic chelates used for chelate-induced HM
phytoextraction such as EDTA on AM development were also described [102, 152].

Based on the intended phytoremediation strategy, the appropriate management of
native fungi and/or application of artificial inocula should be chosen. For the
introduction of artificial inocula, it seems to be essential to formulate specific products
(mixtures of strains compatible with target plants and environment) rather than to use
generic products all over the scale of edaphic conditions. However, it should considered
that the effect of mycorrhizal inoculation may interact e.g. with fertilisation regime as
demonstrated for the grasses grown in mine tailings containing high levels of zinc: plant
growth was best after inoculation combined with nitrogen and phosphorus fertilisation,
whereas neither mycorrhiza nor fertilisation alone had any effect on plant biomass [77].
Therefore, mycorrhizal inoculation cannot be considered as panacea and should be
combined with other practices such as appropriate fertilisation or soil amendments to
maximise re-vegetation success.
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To conclude, an extension of knowledge on the involvement of mycorrhizal fungi in
phytoremediation should still be achieved. Great attempt should be also undertaken to
increase awareness of potential users of mycorrhizal inoculants regarding all possible
functions and impacts of mycorrhiza applications in phytoremediation processes.
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