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Abstract

Recent developments in knowledge about the interactions between lichens and heavy metals at different levels, from
populations to cells and from ecology to molecular biology are reviewed. Sources of heavy metals, mechanisms of
heavy metal accumulation and detoxification by lichens are discussed. Special emphasis is placed on ultrastructural
changes as well as physiological parameters such as membrane integrity, pigment composition, chlorophyll a
fluorescence, photosynthesis, respiration, contents of ATP, amino acids, ergosterol, ethylene, non-protein thiols, activity

of antioxidant enzymes and expression of stress proteins.
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Introduction

Lichens are the dominant organisms of ca. 8 % terrestrial
ecosystems (Larson 1987) and are typically found in
environments subject to extremes of temperature,
desiccation and nutrient status. As lichens have no root
apparatus, their mineral nutrition depends mainly on
atmospheric inputs and owing to the lack of protective
cuticle and stomata, thalli can accumulate mineral
elements, including heavy metals, at levels exceeding
their metabolic requirements. Moreover, lichens are long-
living, ectohydric organisms with a limited control on
water and gas exchange. These characteristics make them

Lichens and excess heavy metals

The effectiveness of lichens in intercepting particles not
only from the atmosphere but also from substrate has
been documented in many studies (Loppi et al. 1999,
Pirintsos et al. 2006). These particles may be deposited
onto the lichen surface or trapped in the intercellular
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very good bioindicators of air pollution (Garty 2001).

Lichens are widely used through the world for
biomonitoring atmospheric heavy metals and progress in
this field has been already reviewed (e.g. Garty 2001,
Bargagli and Mikhailova 2002). However, in the last few
years research has chiefly focused on the physiological
and biochemical effects of heavy metal accumulation in
lichens. This paper aims at reviewing recent develop-
ments in the study of interactions of lichens with heavy
metals at different levels, from populations to cells and
from ecology to molecular biology.

spaces of the medulla (Garty et al. 1979) and can remain
unaltered for a long time. Lichens thus accumulate and
retain many heavy metals in quantities that vastly exceed
their physiological requirements and tolerate these high
concentrations by sequestrating metals extracellularly as

Abbreviations: APX - ascorbate peroxidase; CAT - catalase; d.m. - dry mass; GR - glutathione reductase; GSH - reduced glutathione;
GSSG - oxidized glutathione; HPCD - hydroperoxi-conjugated dienes; HSP - heat shock protein; MDA - malodialdehyde;
PCs - phytochelatins; SOD - superoxide dismutase; TPF -triphenyl formazan; TTC - triphenyl tetrazolium chloride.
Acknowledgements: This work was financially supported by the Science and Technology Assistance Agency (Slovak Republic)
under contract No. APVT-20-003004 and by Slovak Grant Agency (VEGA 1/4337/07) to MB. The authors are indebted to
Prof. Dianne Fahselt (UWO, Canada) for useful comments and linguistic assistance.

! Author for correspondence; fax: (+421) 556222124, e-mail: martin.backor@upjs.sk

214



oxalate crystals or complexing them with lichen acids
(details below). The toxicity of metals in deposited or
entrapped particles is determined by chemical and
physical factors, including their abundance, chemical
form, differing solubilities in water, pH and temperature.

Owing to the rapid expansion of industry and
agriculture during the last few centuries, lichens are
frequently exposed to excess metals which they may
tolerate as a result of detoxification mechanisms.
Considerable amounts of heavy metals are immobilized
by cell wall components, and the main processes for
maintaining metal homeostasis in lichens, including
transport of heavy metals across membranes, are
chelation and sequestration.

As lichens are differentially sensitive to heavy metals,
presence of these elements in the environment may
produce changes at community level. Recently,
Mikhailova (2007) studied survival strategies of epiphytic
lichens growing close to a copper smelter in the Middle
Urals. She investigated the responses of Hypogymnia
physodes and Tuckermanopsis sepincola, as an asexually
reproducing strong competitor, and a sexually repro-

Accumulation of heavy metals by lichens

Accumulation of heavy metals by lichens is one of the
most widely-studied aspects of modern lichenology,
because of its importance to biomonitoring. Processes are
very complex and many factors affect heavy metal
accumulation by lichens and their individual bionts.

Some lichens accumulate considerable amounts of
heavy metals. Acarospora rugulosa Korb. accumulated
up to 16 % of Cu on a dry mass basis (Chisholm et al.
1987). Lecidea lactea and Acarospora rugulosa from
cupriferous pyritic rocks in Central Scandinavia
contained Cu in concentrations as high as 5 %(d.m.)
(Purvis 1984). Pawlik-Skowronska et al. (2006) found
that apothecia of Lecanora polytropa accumulated Cu up
to 1.3 %(d.m.), approximately 50 % of which was in an
exchangeable form. However, there are considerable
differences between total and intracellular contents.
Sanita di Toppi et al. (2005a) found in short-term
experiments that more than half of total accumulated Cd
was immobilized by the cell wall. However, owing to the
biochemical and physiological effects of heavy metals,
intracellular concentrations of metals must necessarily be
considered.

Heavy metal accumulation by lichens is a dynamic
process. Short-term investigations on the effects of excess
metals showed that lichens soaked into metal solutions
accumulated metals quickly, in most cases within a few
hours. In the case of Cu, maximum accumulation was
observed after 3 - 6 h (Monnet et al. 2006). Transplanta-
tion studies showed that most lichens respond to changes
in atmospheric heavy metals within a few months. The
residence time of many elements in lichen thalli is
2 - 5 years (Walther et al. 1990).

Although one might expect that the heavy metal
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ducing weak competitor, respectively, and showed that
T. sepincola  benefits from the Cu-sensitivity of
H. physodes. Under Cu stress, H. physodes produced only
esorediate or low sorediate thalli and sharply decreased in
abundance, while abundance of T. sepincola on birch
trunks increased.

Specific lichen communities on rock and soil
occurring in heavy metal-polluted areas worldwide,
mainly related to mining of metals, have been
investigated by several authors (e.g. Nash 1989, Purvis
and Halls 1996, Backor and Fahselt 2004a, Banésova
et al. 2006). Some lichens associated with heavy metal-
rich substrates are common species that tolerate metals
and occur in both polluted and unpolluted areas. Other
species, however, are restricted to heavy metal-rich
substrates and thus have a disjunctive distribution
reflecting the availability of suitable sites. Most lichens
requiring metal-rich substrates belong to the genera
Acarospora, Aspicilia, Lecanora, Lecidea, Porpidia,
Rhizocarpon or Tremolecia (Nash 1989, Purvis and Halls
1996, Backor and Fahselt 2004a).

content of lichens would increase as a function of time,
the situation is really much more complicated. In fact
contents of several elements in transplanted lichens go up
and down during the study period. One possible expla-
nation is that contents of these elements are, at least
partly, controlled by physiological processes and turnover
mechanisms (Bergamaschi et al. 2007). Moreover, metals
can be removed by rainwater which dislodges contami-
nating particles on the thallus surface (Brown and Brown
1991), resulting in lower content during periods of rain
and higher content in the dry season. The water-leachable
fraction (deposited plus intercellular) is generally
assumed to represent mainly metals originated from dry
deposition, and the elements present in leachates show
distinct temporal patterns with concentrations being
usually higher in summer than in winter (Boonpragob and
Nash 1990). However, because lichens are more active
metabolically when wet, winter months are suitable to
growth and mineral uptake (Nash and Gries 1995).

In contrast to “washing”, rainfall also richly
contributes to the total element content of lichens (Knops
et al. 1991). Although the balance between these two
processes could thus produce temporal differences in
metal contents in spite of constant pollution loads, the
concentrations in lichen thalli mainly varies according to
amounts of incident pollutants. These may produce a high
degree of biological stress, and in turn, alter element
uptake (Bergamaschi et al. 2007).

The time of exposure of lichens transplanted into
polluted areas may influence the vitality of thalli and
consequently the active processes of element uptake. In
the absence of time-studies designed to determine the
minimal exposure required to produce significant change,
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the critical period of exposure remains unknown (Garty
2001). Relatively short exposure times of 1 - 3 months
are generally sufficient to affect transplanted lichens.
After longer exposures they become saturated with
elements, lose biomass, and alter surface structures and
physiological performance (Bargagli and Mikhailova
2002).

The accumulation of trace elements by lichens is both
passive over the long term or dynamic and immediate
involving uptake and release to the point of equilibrium.
Reis et al. (1999) introduced the concept of
“remembrance time”, which is the time over which lichen
functioning reflects recently-experienced environmental
availability. If the “remembrance time” of lichens
transplanted from a remote area to a polluted site is
longer than the period over which transplant performance
is recorded, assessment of the current levels of pollutants,
which is the ultimate aim of pollution biomonitoring,
would be seriously hampered.

Only a few studies investigated the heterogeneity in
distribution of heavy metals in a lichen thallus. Goyal and
Seaward (1982a) found that rhizinae and medulla play an
important role in metal accumulation and translocation
through thalli of terri-colous lichens. Goyal and Seaward
(1982b) found that the terricolous lichens Peltigera
canina and P. rufescens respond to metal pollution by
reducing thallus size and rhizine length, associated with
darkening of their colour caused by the increased heavy
metal content. On the other hand, thalli from metal-
polluted sites showed denser rhizinae, more profusely
branched, network-forming veins, hypertrophic medulla
and increased bleaching of thalli. Also reproductive
structures can be affected by heavy metals. Field studies
demonstrated decreased production of apothecia, which
are involved in sexual reproduction, and increased
asexual reproduction by conidia (Nash and Gries 1995).
Mikhailova (2007) found that Cu pollution caused growth
abnormalities, distortion of apothecia and colour changes
in thalli of Tuckermanopsis sepincola and decreased
production of soredia in Hypogymnia physodes. Excess
Mn caused ultrastructural damage and inhibited soredial
growth in Hypogymnia physodes (Hauck and Paul 2005).

The relationship between morphology and acquisition
of elements is still poorly understood. Lichens with
crustose morphology are capable of accumulating
considerable amounts of heavy metals, sometimes
reaching several percents of their dry mass (see above)
but crustose species are seldom considered by
experimental lichenologist, mainly because insufficient
biomass is available for physiological and biochemical
tests. Surface structure, adhesiveness and water-holding
capacity of thalli also affect metal accumulation in
lichens (Brown and Beckett 1985). Pores and holes on the
cortex, which could trap particles or allow them to enter
inside the thallus, in some species may be sealed by
polymers, probably including lichenins and isolichenins
(Richardson 1995).

In polluted areas, the central part of the thallus of
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foliose lichens may have higher concentrations of certain
metals than the peripheral parts, owing to the greater
exposure times experienced (Bargagli et al. 1987).
However, a regular zonation pattern is not always evident
and, furthermore, several elements seem to be rather
mobile within the thallus (Goyal and Seaward 1982a).
The trace element content of the peripheral (younger) and
central (older) parts of Flavoparmelia caperata thalli
from an unpolluted area of central Italy was highly
variable (Loppi et al. 1997), and contents of several
elements (As, Cr, Fe, Hg, Mn, Ni, Sb) were similar. The
contents of elements of limited metabolic significance
(Al, Cd, Pb) were higher in the central thallus parts,
suggesting that these are trapped in the medulla. Elements
essential for metabolism (Co, Cu, Mo, Zn) were
concentrated in peripheral thallus regions that are most
active metabolically. These observations suggest that
metals can move from one part of the thallus to another.

Nieboer et al. (1978) observed that dead thalli
accumulate slightly more heavy metals than living thalli.
Adamo et al. (2007) exposed living and dead (oven-
treated) thalli of Pseudevernia furfuracea for 6 weeks in
two ltalian cities, Trieste and Naples, and found that
living thalli did not generally accumulate more trace
elements than dead ones and concluded that in these
urban environments, surface interception of atmospheric
particles is more important to accumulation than vitality.

Lichen bionts are differentially involved in heavy
metal accumulation. The mycobiont, which represents
more than 90 % of total lichen biomass, accumulates
most of the heavy metals from the environment.
Consistently to this expectation, Sanita di Toppi et al.
(2005b) found that mycobiont hyphae, especially those
forming the upper cortex of lichen thalli, were the main
site of Cd accumulation.

Because heavy metal uptake is probably mainly
physicochemical (Nieboer et al. 1976), pH is one of the
most important factors affecting it. Decrease in pH can
increase the solubility of some metals, releasing them
from particles acquired either from the atmosphere or
substrate. Decreased pH can thus increase the
bioavailability of metals, e.g. for lichens growing in
mining areas.

Temperature is another important factor influencing
metal uptake, with metal accumulation increasing as
temperature rises (Nieboer et al. 1976). Metal uptake is
also dependent upon the location of lichens in relation to
availability of heavy metals. For example, elevation plays
an important role in metal accumulation, probably owing
to the different amount of precipitation, and deposition of
more soluble elements (e.g. Cd, Zn) thus increases with
altitude (Kral et al. 1989). On a smaller scale, lichens
growing on isolated trees contain higher amounts of
heavy metal-rich particles than those in dense tree stands.
Even in individual trees, heavy metal accumulation
depends on the extent of stemflow on a particular side
and is usually higher near ground level (Bargagli and
Mikhailova 2002).



Exclusion of heavy metals by lichens

Exclusion of heavy metals is a relatively well known
detoxification mechanism and is one of the most studied
in lichens. Cell walls of both bionts are effective in metal
exclusion, however, intact lichens posses other mecha-
nisms potentially involving organic acids and lichen
secondary metabolites.

Oxalates, considered as one of the most effective
extracellular mechanisms of heavy metal detoxification,
are widely distributed in lichens. Copper oxalate has been
reported within the medulla of some Cu-tolerant lichen
species (Purvis 1984, Chisholm et al. 1987). The role of
extracellular oxalates in the immobilization of Zn and Pb
in the lichen Diploschistes muscorum has been investi-
gated by Sarret et al. (1998), while oxalic, citric and
malic acids have been demonstrated in Lecanora
polytropa (Pawlik-Skowronska et al. 2006).

Secondary metabolites of lichens include extracellular
phenols secreted by the fungal partner, which are
deposited mainly on the surface of mycobiont hyphae.
Usually these substances, which include dibenzofuran
derivatives, depsides, and depsidones, occur in
considerable amounts, typically constituting 0.1 - 5.0 %
of thallus dry mass (Fahselt 1994), but in some cases
reach 20 %(d.m.) (Barnes et al. 1992). So far, more than
800 lichen secondary metabolites have been identified
(Hauck and Huneck 2007). These substances have many
ecological roles, confirmed experimentally, including
allelopathy and antimicrobial and antiherbivory activity
(Fahselt 1994). They are also implicated in rock mine-
ralization and pedogenesis, although some organic acids,
such as oxalic acid, are probably more important
compounds in weathering of rocks. Lichen substances are
known to function in vitro as chelators of cations,
including heavy metals, but the chelating ability of these
compounds in lichen thalli requires further study. Purvis
et al. (1987) reported complexing of copper with
norstictic acid in the cortex of the lichen Acarospora
smaragdula and Lecidea lactea grown on cupriferous
substrates. Backor and Fahselt (2004b) found that ushic
acid, one of the most widely distributed secondary
metabolite of lichens, may be associated with Cu, Ni, Fe

Heavy metals and plasmalemma

The plasmalemma is the first site of biological interaction
of heavy metals with lichens. Frequently used standard
methods to determine the degree of cell membrane
damage in experimental lichenology involve assessment
of electrolyte (mainly potassium) leakage, contents of
malondialdenyde (MDA) and hydroperoxi-conjugated
dienes (HPCD) and ultrastructural changes.

Metal transport across the plasma membrane in
lichens is probably similar to that in model plants
(Arabidopsis, Thlaspi) with protein transport and
intracellular high-affinity binding sites mediating the
uptake of heavy metals across membranes. Recently,
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and Al in Cladonia pleurota growing on metal-rich soils
near Sudbury (Ontario, Canada). Although metal
complexes with secondary metabolites of lichens have
been reported several times, knowledge of their impact on
metabolic processes is limited. Budova et al. (2006)
found that usnic acid does not protect the cells of the
lichen photobiont Trebouxia erici against the toxic effect
of Cu in culture medium; both usnic acid and Cu were
phytotoxic and inhibited photobiont growth, viability and
chlorophyll a fluorescence. Although there is no doubt
about ecological roles of secondary metabolites of
lichens, these substances may be phytotoxic and adver-
sely affect the growth of photobiont cells (Backor et al.
1998).

Cations, including heavy metals, can bind to extra-
cellular sites of the mycobiont and photobiont cell walls,
and cation binding is one of the most important
mechanisms of defense against metal excess. The cell
wall is a significant site for metal accumulation owing to
the presence of negatively charged anionic sites (Collins
and Farrar 1978). These probably include carboxyl and
phosphate groups, although amine and hydroxyl groups
are also involved. Metal accumulation is usually
accompanied by a rapid release of protons (Nieboer et al.
1976). Sanita di Toppi et al. (2005a) showed that for
some metals (e.g. Cd and Cr) mycobiont hyphae are the
main sites of accumulation.

Cations differ in binding capacities and as a
consequence they may displace each other. Competition
experiments have established a sequence of ion affinities
for exchange sites: monovalent class A < divalent class A
< borderline divalent < divalent class B (Nash 1996).

Conventional methods which involve the use of NiCl,
or Na,-EDTA serve to distinguish cell wall accumulation
of heavy metals from total metal accumulation by lichen
thalli (Brown and Beckett 1985, Monnet et al. 2005).
Sanita di Toppi et al. (2005a) demonstrated that thalli of
the lichen Xanthoria parietina may bind more than half
the total accumulated Cd in short term (24 - 48 h)
experiments.

genes for heavy metal transporters of plasma membranes
have been identified (YYang et al. 2005). Lipids are a key
component of biological membranes and it has been
recently demonstrated that lipid metabolism of lichen
photobionts may be affected by Cu and Pb (Guschina and
Harwood 2006).

Heavy metals which pass through the plasmalemma
are accumulated intracellularly. Although in lichens the
intracellular fraction of metals may be as low as 5 % of
the total, this component is essential for normal physio-
logical processes and vitality (Branquinho et al. 1999).

Sanita di Toppi et al. (2004) showed that in the

217



M. BACKOR, S. LOPPI

mycobiont hyphae, intracellular Cd is mostly localized in
concentric bodies, organelles which are typically present
in lichenized ascomycetes. Although their role is still far
from being understood, they are probably important for
metal detoxification. The vacuole is another important

Lichen metabolism and heavy metals

Several physiological parameters are used in higher
plants to assess the degree of heavy metal stress (Shah
and Mongkynrih 2007), and these may be applied as well
to lichens.

A simple test to check the integrity of the plasma
membrane of lichen cells is to place a piece of lichen
thallus in deionized water and record electric conductivity
(Marques et al. 2005). Determination of leakage of ions
from lichen thalli, especially K, is one of the most useful
characteristics of stress occurrence. Puckett (1976) found
gradual K loss induced by increased concentrations of
Cu, Hg and Ag in Umbilicaria muhlenbergii.

Products indicating peroxidation of membrane lipids
such as malondialdehyde (MDA) and hydroperoxy-
conjugated dienes (HPCD) have also been used as
indicators of heavy metal damage to lichens, similarly as
to higher plants (Gonzalez and Pignata 1997, Panda
2008). For example, Carreras et al. (2005) found that
airborne metal pollutants increased the MDA content in
lichen thalli. Rodriguez et al. (2007) showed that Ni
treatment increased the content of HPCD significantly in
two lichen species, making them more sensitive to
damage. Cuny et al. (2004) found parallel increases in the
MDA content and electrical conductivity of water in
which thalli were immersed. Monnet et al. (2005, 2006)
measured the MDA and HPCD content in the lichen
Dermatocarpon luridum to demonstrate responses to Cu
stress.

Lichen algal cells respond to Cu and Ni excess by
strong plasmolysis. At the ultrastructural level,
mitochondrial cristae and chloroplast thylakoids swell in
young photobiont cells (Tarhanen 1998). Paul et al.
(2004) found that Mn excess in the Trebouxia jamesii
photobiont reduced the size of cells and swelled or
contracted thylakoids.

Mycobiont ultrastructure is usually less affected than
photobionts by excess heavy metals. Although concentric
bodies were sites of intracellular Cd accumulation in
mycobiont hyphae (Sanita di Toppi et al. 2004),
concentric bodies were almost completely absent in
Mn-treated mycobiont cells (Paul et al. 2004).

The composition of photosynthetic pigments is one of
the most sensitive and widely used parameters for the
assessment of heavy metal stress in lichens (Boonpragob
2002). Decreased chlorophyll a content is a sensitive
marker for excess Cu in both lichens as well as axenic
photobiont cultures (Backor and Zetikova 2003, Backor
and Dzubaj 2004). Cu stress can promote conversion of
chlorophyll a to chlorophyll b by oxidation of the methyl
group on the ring Il (Chettri et al. 1998), so total
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site for intracellular metal accumulation, resulting in
compartmentalization that prevents free circulation of
metal ions in the cytosol. Chloroplasts and mitochondria
may also be involved in heavy metal sequestration, as in
the alga Euglena gracilis (Perales-Vela et al. 2006).

chlorophyll (a+b) content remains stable, while the
chlorophyll a/b ratio is decreased. Hg excess, however,
decreases both chlorophyll a and chlorophyll b content
(Backor and Zetikova 2003, Backor and Dzubaj 2004).
The total content of carotenoids is also sensitive to the
presence of some heavy metals e.g. Cu (Backor et al.
2003).

One of the most frequently used parameters in lichen
stress physiology is chlorophyll degradation, expressed as
the phaeophytinization quotient, which reflects the ratio
of chlorophyll a to phaeophytin a (Garty 2001). This is
defined as the ratio of absorbances at 435 and 415 nm
(Ronen and Galun 1984). In healthy lichens and
photobionts the Agss/Ass ratio is about 1.4 and the
presence of heavy metals (e.g. Cu and Hg) may cause a
marked decrease of this value.

The potential quantum vyield of electron transfer
through photosystem 2 (PS 2), reflecting photosynthetic
efficiency, is usually expressed by the variable to
maximum fluorescence ratio (F./F). Healthy lichens
have F,/F, in the range 0.6 - 0.7 (Dzubaj et al. 2008) and
lower values indicate damage to PS 2 and hence a
decreased photosynthetic efficiency. This parameter is
used routinely to establish the physiological status of
thalli in experimental and environmental lichenology
(Garty 2001). Branquinho et al. (1997) showed that
intracellular Cu > 4.0 umol g™ decreased chlorophyll a
fluorescence in the lichen Ramalina fastigiata. Garty
et al. (2007) observed a decrease of F,/F,, in R. lacera
thalli following short-term exposure to CuSO,, and
Backor et al. (2007a) in short term laboratory experi-
ments found a decrease in chlorophyll a fluorescence in
axenic cultures of the lichen photobiont Trebouxia erici
due to Cd and Cu excess.

Changes in respiratory and photosynthetic rates
caused by air pollution have been determined by
measuring CO, gas exchange (Tretiach and Baruffo
2001). Dzubaj et al. (2008) measured CO, gas exchange
in the lichen Xanthoria parietina collected close to a steel
factory in KoSice (Slovakia) and in a control locality.
Lichen thalli near the steel factory had higher heavy
metal (Al, Cd, Fe, Mn, Pb, Sb and Zn) contents, while
effects on respiration and photosynthesis were only
weakly negative. Reduction of a colorless water-soluble
compound, triphenyl tetrazolium chloride (TTC) to a red
colored water-insoluble product, the triphenyl formazan
(TPF) is driven by respiratory dehydrogenases (Towill
and Mazur 1975), thus measurement of TPF is a rapid
and inexpensive way to evaluate the response of whole
lichens, as well as their cultured bionts to a wide range of



environmental stressors, including heavy metals (Backor
and Fahselt 2005).

Several studies have shown that the ATP content in
lichens may be used as stress marker in air pollution
studies (Silberstein et al. 1996). Garty et al. (1988)
showed that the ATP content in transplanted thalli of the
lichen Ramalina duriaei decreases with increasing Cu
and Pb accumulation.

Accumulation of free proline has been observed in
response to a wide range of abiotic and biotic stresses in
plants, including heavy metals. Proline can detoxify free
radicals by forming a stable complex with these,
maintaining  NAD(P)"/NAD(P)H ratios during metal
stress at values similar to those of normal cells (Hare and
Cress 1997). The role of proline in heavy metal tolerance
of lichens is essentially unknown, however, free proline
increased in the lichen photobiont Trebouxia erici in
response to Cu treatment (Backor et al. 2004).

Cysteine is uniqgue among amino acids owing to the
presence of thiol (-SH) groups, which are responsible for
binding of heavy metals. Cysteine is a limiting substrate
for glutathione (GSH) synthesis. GSH is an important
thiol compound involved in protection of cells against
active oxygen species, including toxic metals (May et al.
1998). The ratio of reduced to oxidized glutathione within
lichen cells may thus be used as an indicator of toxicity
(Pawlik-Skowronska et al. 2002). Backor et al. (2007b)
demonstrated that the Cu-tolerant strain of the lichen
photobiont Trebouxia erici synthesized more cysteine
than the wild strain, even at nutritional levels of heavy
metals in the culture medium. Cysteine pool may play a
key role in defense against heavy metals in lichen
photobionts, similar to that reported for free-living algae.
Backor et al. (2006a) found that GSH increased in
aposymbiotically grown lichen mycobiont cultures of
Cladonia cristatella at 10 pM Cu. However, the same Cu
concentration was very toxic for cultures of the lichen
photobiont Trebouxia erici and decreased GSH was
observed (Backor et al. 2007b).

In the presence of some heavy metals, phytochelatin
synthase (EC 2.3.2.15) catalyzes the synthesis of
phytochelatins (PCs) from glutathione (Grill et al. 1985).
Cysteine sulfhydryl is the primary site of metal binding in
phytochelatins (PCs), as well as in metallothioneins
(Sanita di Toppi et al. 2003). All these groups of
chelators are responsible for metal sequestration in living
cells. Pawlik-Skowronska et al. (2002) found that lichen
thalli are able to synthesize phytochelatins in response to
Cd, Pb and Zn, but phytochelatins have not been
observed in aposymbiotically grown lichen mycobionts.
The cultured Cladonia cristatella mycobiont also did not
produce phytochelatins (Backor et al. 2006a), although
photobionts produce phytochelatins under heavy metal
stress. Cd and Cu are strong activators of PC biosynthesis
in the lichen photobiont Trebouxia erici (Backor et al.
2007a).

The content of ergosterol, the main sterol of fungal
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plasma membranes, is correlated with the basal
respiration rates of lichens (Sundberg et al. 1999). The
typical ergosterol content in lichens is in the range
0.1 - 1.8 mg g™*(d.m.) (Dahlman et al. 2002), and Backor
et al. (2006a) found similar values in the Cladonia
cristatella mycobiont. Tarhanen et al. (1999) found that
the ergosterol content in the lichen Bryoria fuscescens
was decreased by the presence of Cu and Ni, and
suggested that the toxicity of these heavy metals is due to
reduced membrane integrity in mycobiont hyphae.
Decreased content of ergosterol caused by Cu stress has
also been found in axenic cultures of the lichen
mycobiont Cladonia cristatella (Backor et al. 2006a).

Monnet et al. (2006) investigated the activities of
antioxidant enzymes in response to Cu excess and found
different reactions depending upon Cu concentration; at
0.25 mM the activities of superoxide dismutase (SOD)
and ascorbate peroxidase (APX) were unchanged from
controls, but they increased at 0.5 mM Cu. The activity of
glutathione reductase (GR) decreased at both Cu
concentrations. In Xanthoria parietina metal excess
caused increased activity of guaiacol peroxidase but no
change, or only a moderate decrease in the activity of
SOD, APX, catalase (CAT) and some other enzymes
(Cuny et al. 2004, Sanita di Toppi et al. 2005a).

Although soluble proteins in lichens are relatively
easy to determine (Bradford 1976), they are still not
frequently used in the assessment of heavy metal stress,
possibly because their contents in lichens are typically
low, e.g. 1 mg g™(f.m.) in thalli of Xanthoria parietina
(Sanita di Toppi et al. 2005b). Backor et al. g2006a)
found mean soluble protein content of ca. 5 mg g~ (d.m.).
Monnet et al. (2006) reported decreased soluble protein
content due to increased Cu accumulation in thalli of the
lichen Dermatocarpon luridum, and a similar decrease
was observed in cultures of lichen photobionts exposed to
Cu excess (Backor et al. 2006b). However, the soluble
protein content in lichen photobionts was not affected by
Cd excess in short-term experiments (Sanita di Toppi
et al. 2005h).

Extreme  environmental  conditions, including
pollution with heavy metals, may activate change in the
transcript levels of numerous genes encoding proteins
with protective functions against stress-related damage
(Mittra et al. 2008). Highly conserved heat shock proteins
(HSP) expressed in response to stress, such as low and
high temperature, heavy metal exposure and oxygen
depletion (Bierkens 2000) are involved in the main-
tenance of protein homeostasis in untreated cells. These
are generally grouped into families according to their
molecular mass, forming multiple isoforms. The
expression of stress protein HSP70 in the lichen photobiont
Trebouxia erici was relatively stable over all tested Cu
concentrations, while Cd caused a strong increase in the
expression even at concentrations as low as 1 uM during a
short-term exposure (Backor et al. 2006b).
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Conclusions

Notwithstanding the high number of papers dealing with
interactions of lichens with heavy metals, there is still
much to be learned about their ecophysiological aspects
and cellular location. It is thus important to consider that
total concentrations have little relevance for ecophysio-
logical investigations because only metals inside cell
directly affect physiological and metabolic processes
related to toxicity. Careful study of the mechanisms
regulating bioavailability, accumulation, toxicity and
detoxification of heavy metals in lichens, as well as of

References

Adamo, P., Crisafulli, P., Giordano, S., Minganti, V., Modenesi,
P., Monaci, F., Pittao, E., Tretiach, M., Bargagli, R.: Lichen
and moss bags as monitoring devices in urban areas. Part I1:
Trace element content in living and dead biomonitors and
comparison with synthetic materials. - Environ. Pollut. 146:
392-399, 2007.

Backor, M., Dzubaj, A.: Short-term and chronic effects of
copper, zinc and mercury on the chlorofyll content of four
lichen photobionts and related alga. - J. Hattori bot. Lab. 95:
271-283, 2004.

Backor, M., Fahselt, D.: Using EDX-micronalysis and X-ray
mapping to demonstrate metal uptake by lichens. - Biologia
59: 39-45, 2004a.

Backor, M., Fahselt, D.: Physiological attributes of the lichen
Cladonia pleurota in metal-rich and control sites near
Sudbury (Ontario, Canada). - Environ. exp. Bot. 52: 149-
159, 2004b.

Backor, M., Fahselt, D.: Tetrazolium reduction as an indicator
of environmental stress in lichens and isolated bionts. -
Environ. exp. Bot. 53: 125-133, 2005.

Backor, M., Fahselt, D., Davidson, R.D., Wu, C.T.: Effects of
copper on wild and tolerant strains of the lichen photobiont
Trebouxia erici (Chlorophyta) and possible tolerance
mechanisms. - Arch. environ. Contam. Toxicol. 45: 159-
167, 2003.

Backor, M., Fahselt, D., Wu, C.T.: Free proline content is
positively correlated with copper tolerance of the lichen
photobiont Trebouxia erici (Chlorophyta). - Plant Sci. 167:
151-157, 2004.

Backor, M., Gibalova, A., Budova, J., Mike$, J., Solar, P.:
Cadmium-induced stimulation of stress-protein hsp70 in
lichen photobiont Trebouxia erici. - Plant Growth Regul.
50: 159-164, 2006b.

Backor, M., Hudék, J., Repcéak, M., Ziegler, W., Backorova, M.:
The influence of pH and lichen metabolites (vulpinic acid
and (+) usnic acid) on the growth of lichen photobiont
Trebouxia irregularis. - Lichenologist 30: 577-582, 1998.

Backor, M., Pawlik-Skowronska, B., Bud’ova, J., Skowronski,
T.: Response to copper and cadmium stress in wild-type and
copper tolerant strains of the lichen alga Trebouxia erici:
metal accumulation, toxicity and non-protein thiols. - Plant
Growth Regul. 52: 17-27, 2007b.

Bagkor, M., Pawlik-Skowronska, B., Tomko, J., Budova, J.,
Sanita di Toppi, L.: Response to copper stress in
aposymbiotically grown lichen mycobiont Cladonia
cristatella: uptake, viability, ergosterol and production of
non-protein thiols. - Mycol. Res. 110: 994-999, 2006a.

220

parameters reflecting lichen vitality is needed. Analysis
of intraspecific genetic diversity will also contribute to a
better understanding of the variability in the metal
content in thalli of one species, as well as responses under
different environmental and experi-mental conditions.
Lastly, the use of genotoxicity tests, along with the study
of mechanisms of bioavailability and biotoxicity of
metals, could further enhance the utility of lichens as
biomonitors of air pollutants.

Backor, M., Vaczi, P., Bartak, M., Budova, J., Dzubaj, A.:
Uptake, photosynthetic characteristics and membrane lipid
peroxidation levels in the lichen photobiont Trebouxia erici
exposed to copper and cadmium. - Bryologist 110: 100-107,
2007a.

Backor, M., Zetikova, J.: Effects of copper, cobalt and mercury
on the chlorophyll content of lichens Cetraria islandica and
Flavocetraria cucullata. - J. Hattori bot. Lab. 93: 175-187,
2003.

Banasova, V., Horak, O., Ciamporova, M., Nadubinska, M.,
Lichtscheidl, I.: The vegetation of metalliferous and non-
metalliferous grasslands in two former mine regions in
Central Slovakia. - Biologia 61: 433-439, 2006.

Bargagli, R., losco, F.P., Damato, M.L.: Zonation of trace metal
accumulation in 3 species of epiphytic lichens belonging to
the genus Parmelia. - Cryptogamie Bryol. Lichnol. 8: 331-
337, 1987.

Bargagli, R., Mikhailova, 1.: Accumulation of inorganic
contaminants. - In: Nimis, P.L., Scheidegger, C., Wolseley,
P.A. (ed.): Monitoring with Lichens — Monitoring Lichens.
Pp. 65-84. Kluwer Academic Publishers, Dordrecht -
Boston - London 2002.

Barnes, J.D., Balaguer, L., Manrique, E., Elvira, S., Davison,
A.V.: A reappraisal of the use of DMSO for the extraction
and determination of chlorophylls a and b in lichens and
higher plants. - Environ. exp. Bot. 32: 85-100, 1992.

Bergamaschi, L., Rizzio, E., Giaveri, G., Loppi, S., Gallorini,
M.: Comparison between the accumulation capacity of four
lichen species transplanted to a urban site. - Environ. Pollut.
148: 468-476, 2007.

Bierkens, J.G.E.A.: Applications and pitfalls of stress proteins
in biomonitoring. - Toxicology 153: 61-72, 2000.

Boonpragob, K.: Monitoring physiological change in lichens:
total chlorophyll content and chlorophyll degradation. - In:
Nimis, P.L., Scheidegger, C., Wolseley, P.A. (ed.):
Monitoring with Lichens — Monitoring Lichens. Pp. 323-
326. Kluwer Academic Publishers, Dordrecht - Boston -
London 2002.

Boonpragob, K., Nash, T.H.: Seasonal variation of elemental
status in the lichen Ramalina menziesii Tayl. from 2 sites in
southern California — evidence for dry deposition
accumulation. - Environ. exp. Bot. 30: 415-428, 1990.

Bradford, M.M.: A rapid and sensitive method for quantitation
of microgram quantities of protein utilizing the principle of
protein-dye binding. - Anal. Biochem. 72: 248-254, 1976.

Branquinho, C., Brown, D.H., Catarino, F.: The cellular
location of Cu in lichens and its effects on membrane



integrity and chlorophyll fluorescence. - Environ. exp. Bot.
38:165-179, 1997.

Branquinho, C., Catarino, F., Brown, D.H., Pereira, M.J.,
Soares, A.: Improving the use of lichens as biomonitors of
atmospheric metal pollution. - Sci. total Environ. 232: 67-
77, 1999.

Brown, D.H., Beckett, R.P.: Minerals and lichens: localisation
and effect. - In: Vicente, C., Brown, D.H., Legaz, M.E.
(ed.): Surface Physiology of Lichens. Pp. 127-149.
Universidad Complutense de Madrid, Madrid 1985.

Brown, D.H., Brown, R.M.: Mineral cycling and lichens — the
physiological basis. - Lichenologist 23: 293-307, 1991.

Budova, J., Backor, M., Bagkorova, M., Zidzik, J.: Usnic acid
and copper toxicity in aposymbiotically grown lichen
photobiont Trebouxia erici. - Symbiosis 42: 169-174, 2006.

Carreras, H.A., Wannaz, E.D., Perez, C.A., Pignata, M.L.: The
role of urban air pollutants on the performance of heavy
metal accumulation in Usnea amblyoclada. - Environ. Res.
97: 50-57, 2005.

Chettri, M.K., Cook, C.M., Vardaka, E., Sawidis, T., Lanaras,
T.: The effect of Cu, Zn and Pb on the chlorophyll content
of the lichen Cladonia convoluta and Cladonia rangiformis.
- Environ. exp. Bot. 39: 1-10, 1998.

Chisholm, J.E., Jones, G.C., Purvis, O.W.: Hydrated copper
oxalate, moolooite, in lichens. - Mineral. Mag. 51: 715-718,
1987.

Collins, C.R., Farrar, J.F.: Structural resistance to mass transfer
in the lichen Xanthoria parietina. - New Phytol. 81: 71-83,
1978.

Cuny, D., Davranche, L., Thomas, P., Kempa, M., Van
Haluwyn, C.: Spatial and temporal variations of trace
element contents in Xanthoria parietina thalli collected in a
highly industrialized area in northern France as an element
for a future epidemiological study. - J. Atmos. Chem. 49:
391-401, 2004.

Dzubaj, A., Backor, M., Tomko, J., Peli, E., Tuba, Z.: Tolerance
of the lichen Xanthoria parietina (L.) Th. Fr. to metal stress.
- Ecotoxicol. environ. Safe 70: 319-326, 2008.

Fahselt, D.: Secondary biochemistry of lichens. - Symbiosis 16:
117-165, 1994.

Garty, J.: Biomonitoring atmospheric heavy metals with
lichens: theory and application. - Crit. Rev. Plant Sci. 20:
309-371, 2001.

Garty, J., Galun, M., Kessel, M.: Localization of heavy metals
and other elements accumulated in the lichen thallus. - New
Phytol. 82: 159-168, 1979.

Garty, J., Karary, Y., Harel, J., Lurie, S.: Temporal and spatial
fluctuations of ethylene production and concentrations of
sulfur, sodium, chlorine and iron on/in the thallus cortex in
thelichen Ramalina duriaei (De Not.) Bagl. - Environ. exp.
Bot. 33: 553-563, 1993.

Garty, J., Kardish, N., Hagemeyer, J., Ronen, R.: Correlations
between the concentration of adenosine triphosphate,
chlorophyll degradation and the amounts of airborne heavy
metals and sulphur in a transplanted lichen. - Arch. environ.
Contam. Toxicol. 17: 601-611, 1988.

Garty, J., Tamir, O., Levin, T., Lehr, H.: The impact of UV-B
and sulphur- or copper- containing solutions in acidic
conditions on chloropfyll fluorescence in selected Ramalina
species. - Environ. Pollut. 145: 266-273, 2007.

Gonzalez, C.M., Pignata, M.L.: Chemical response of the lichen
Punctelia subrudecta (Nyl.) Krog transplanted close to a
power station in an urban-industrial environment. - Environ.
Pollut. 97: 195-203, 1997.

Goyal, R., Seaward, M.R.D.: Metal uptake in terricolous

LICHENS AND HEAVY METALS

lichens. 111. Translocation in the thallus of Peltigera canina.
- New Phytol. 90: 85-98, 1982a.

Goyal, R., Seaward, M.R.D.: Metal uptake in terricolous
lichens. 1I. Effects on the morphology of Peltigera canina
and Peltigera rufescens. - New Phytol. 90: 73-84, 1982b.

Grill, E., Winnacker, E.L., Zenk, M.H.: Phytochelatins: the
principal heavy-metal complexing peptides of higher plants.
- Science 230: 674-676, 1985.

Gushina, I.A., Harwood, J.L.: Lead and copper effects on lipid
metabolism in cultured lichen photobionts with different
phosphorus status. - Phytochemistry 67: 1731-1739, 2006.

Hare, P.D., Cress, W.A.: Metabolic implications of stress-
induced proline accumulation in plants. - Plant Growth
Regul. 21: 79-102, 1997.

Hauck, M., Huneck, S.: Lichen substances affect metal
adsorption in Hypogymnia physodes. - J. chem. Ecol. 33:
219-223, 2007.

Hauck, M., Paul, A.: Manganese as a site factor for epiphytic
lichens. - Lichenologist 37: 409-423, 2005.

Knops, J.M.H., Nash, T.H., Boucher, V.L., Schlesinger, W.H.:
Mineral cycling and epiphytic lichens — implications at the
ecosystem level. - Lichenologist 23: 309-321, 1991.

Kral, R., KryZova, L., Liska, J.: Background concentrations of
lead and cadmium in the lichen Hypogymnia physodes at
different altitudes. - Sci. total Environ. 84: 201-209, 1989.

Larson, D.W.: The absorption and release of water by lichens. -
In:  Peveling, E. (ed.): Progress and Problems in
Lichenology in the Eighties. Pp. 351-260. J. Cramer, Berlin
- Stuttgart 1987.

Loppi, S., Nelli, L., Ancora, S., Bargagli, R.: Accumulation of
trace elements in the peripheral and central parts of a foliose
lichen thallus. - Bryologist 100: 251-253, 1997.

Loppi, S., Pirintsos, S.A., De Dominicis, V.: Soil contribution
to the elemental composition of epiphytic lichens (Tuscany,
central Italy). - Environ. Monit. Assess. 58: 121-131, 1999.

Marques, A.P., Freitas, M.C., Wolterbeek, H.T., Steinebach,
O.M., Verburg, T., De Goeij, J.J.M.: Cell-membrane
damage and element leaching in transplanted Parmelia
sulcata lichen related to ambient SO,, temperature, and
precipitation. - Environ. Sci. Technol. 39: 2624-2630, 2005.

May, M.J., Vernoux, T., Leaver, C., Van Montagu, M., Inze, D.:
Glutathione homeostasis in plants: implications for
environmental sensing and plant development. - J. exp. Bot.
49: 649-667, 1998.

Mikhailova, I.N.: Populations of epiphytic lichens under stress
conditions: survival strategies. - Lichenologist 39: 83-89,
2007.

Mittra, B., Sharma, S., Das, A.B., Henry, S.L., Das, T.K,
Ghosh, P., Ghosh, S, Mohanty, P.: A novel cadmium
induced protein in wheat: characterization and localization
in root tissue. - Biol. Plant. 52: 343-346, 2008.

Monnet, F., Bordas, F., Deluchat, V., Baudu, M.: Toxicity of
copper excess on the lichen Dermatocarpon luridum:
antioxidant enzyme activities. - Chemosphere 65: 1806-
1813, 2006.

Monnet, F., Bordas, F, Deluchat, V., Chatenet, P., Botineau, M.,
Baudu, M.: Use of the aquatic lichen Dermatocarpon
luridum as bioindicator of copper pollution: accumulation
and cellular distribution tests. - Environ. Pollut. 138: 455-
461, 2005.

Nash, T.H.: Metal tolerance in lichens. - In: Shaw, A.J. (ed):
Heavy Metal Tolerance in Plants: Evolutionary Aspects. Pp.
119-131. CRC Press, Boca Raton 1989.

Nash, T.H.: Nutrients, elemental accumulation and mineral
cycling. - In: Nash, T.H. (ed.): Lichen Biology. Pp. 136-

221



M. BACKOR, S. LOPPI

153. University Press, Cambridge 1996.

Nash, T.H., Gries, C.: The use of lichens in atmospheric
deposition studies with an emphasis on the Arctic. - Sci.
total. Environ. 160/161: 729-736, 1995.

Nieboer, E., Puckett, K.J., Grace, B.: The uptake of nickel by
Umbilicaria muhlenbergii a physicochemical process. -
Can. J. Bot. 54: 724-733, 1976.

Nieboer, E., Richardson, D.H.S., Tomassini, F.D.: Mineral
uptake and release by lichens an overview. - Bryologist 81:
226-246, 1978.

Panda, S.K.: Impact of copper on reactive oxygen species, lipid
peroxidation and antioxidants in Lemna minor. - Biol. Plant.
52: 561-564, 2008.

Paul, A., Hauck, M., Langenfeld-Heyser, R.: Ultrastructural
changes in soredia of the epiphytic lichen Hypogymnia
physodes cultivated with manganese. - Environ. exp. Bot.
52: 139-147, 2004.

Pawlik-Skowronska B., Purvis O.W., Pirszel J., Skowronski T.:
Cellular mechanisms of Cu-tolerance in the epilithic lichen
Lecanora polytropa growing at a copper mine. -
Lichenologist 38: 267-275, 2006.

Pawlik-Skowronska, B., Sanita di Toppi, L., Favali, M.A.,
Fossati, F., Pirszel, J., Skowronski, T.: Lichens respond to
heavy metals by phytochelatin synthesis. - New Phytol. 156:
95-102, 2002.

Perales-Vela, H.V., Pefa-Castro, J.M., Cafiizares-Villanueva,
R.O.: Heavy metal detoxification in eukaryotic microalgae.
- Chemosphere 64: 1-10, 2006.

Pirintsos, S.A., Matsi, T., Vokou, D., Gaggi, C., Loppi, S.:
Vertical distribution patterns of trace elements in an urban
environment as reflected by their accumulation in lichen
transplants. - J. Atmos. Chem. 54: 121-131, 2006.

Puckett, K.J.: The effect of heavy metals on some aspects of
lichen physiology. - Can. J. Bot. 54: 2695-2703, 1976.

Purvis, O.W.: The occurrence of copper oxalate in lichens
growing on copper sulphide - bearing rocks in Scandinavia.
- Lichenologist 16: 197-204, 1984.

Purvis, O.W., Elix, J.A., Broomhead, J.A., Jones, G.C.: The
occurrence of copper-norstictic acid in lichens from
cupriferous substrata. - Lichenologist 19: 193-203, 1987.

Purvis, O.W., Halls, C.: A review of lichens in metal-enriched
environments. - Lichenologist 28: 571-601, 1996.

Reis, M.A., Alves, L.C., Freitas, M.C., Van Os, B., Wolterbeek,
H.T.: Lichens (Parmelia sulcata) time response model to
environmental elemental availability. - Sci. total Environ.
232: 105-115, 1999.

Richardson, D.H.S.: Metal uptake in lichens. - Symbiosis 18:
119-127, 1995.

Rodriguez, J.H., Carreras, H.A., Pignata, M.L., Gonzalez, C.M.:
Nickel exposure enhances the susceptibility of lichens
Usnea amblyoclada and Ramalina celastri to urban
atmospheric pollutants. - Arch. environ. Contam. Toxicol.
53: 533-540, 2007.

Ronen, R., Galun, M.: Pigment extraction from lichens with
dimethyl sulfoxide (DMSO) and estimation of chlorophyll
degradation. - Environ. exp. Bot. 24: 239-245, 1984.

Sanita di Toppi, L., Gremigni, P., Pawlik-Skowronska, B.,
Prasad, M.N.V., Cohbett, C.S.: Response to heavy metals in
plants: a molecular approach. - In: Sanita di Toppi, L.,
Pawlik-Skowronska, B. (ed.): Abiotic Stresses in Plants. Pp.

222

133-156. Kluwer Academic Publishers, Dordrecht - Boston
- London 2003.

Sanita di Toppi, L., Marabottini, R., Vattuone, Z., Musetti, R.,
Favali, M.A., Sorgona, A., Badiani, M.: Cell wall
immobilization and antioxidant status of Xanthoria
parietina thalli exposed to cadmium. - Funct. Plant Biol. 32:
611-618, 2005a.

Sanita di Toppi, L., Musetti, R., Marabottini, R., Corradi, M.G.,
Vattuone, Z., Favali, M.A., Badiani, M.: Responses of
Xanthoria parietina thalli to environmentally relevant
concentrations of hexavalent chromium. - Funct. Plant Biol.
31: 329-338, 2004.

Sanita di Toppi, L., Musetti, R., Vattuone, Z., Pawlik-
Skowronska, B., Fossati, F., Bertoli, L., Badiani, M., Favali,
M.A.: Cadmium distribution and effects on ultrastructure
and chlorophyll status in photobionts and mycobionts of
Xanthoria parietina. - Microscop. Res. Techn. 66: 229-238,
2005b.

Sarret, G., Manceau, A., Cuny, D., Van Haluwyn, C., Déruelle,
S., Hazemann, J.L., Soldo, Y., Eybert-Bérard, L.,
Menthonnex, J.J.: Mechanisms of lichen resistance to
metallic pollution. - Environ. Sci. Technol. 32: 3325-3330,
1998.

Shah, K., Nongkynrih, J.M.: Metal hyperaccumulation and
bioremediation. - Biol. Plant. 51: 618-634, 2007.

Shamsi, I.H., Wei, K., Zhang, G.P., Jilani, G.H., Hassan, M.J.:
Interactive effects of cadmium and aluminum on growth
and antioxidative enzymes in soybean. - Biol. Plant. 52:
165-169, 2008.

Silberstein, L., Siegel, B.Z., Siegel, S.M., Mukhtar, A., Galun,
M.: Comparative studies on Xanthoria parietina, a
pollution-resistant lichen, and Ramalina duriaei, a sensitive
species. 1. Effects of air pollution on physiological
processes. - Lichenologist 28: 355-365, 1996.

Sundberg, B., Ekblad, A., Nasholm, T., Palmqvist, K.: Lichen
respiration in relation to active time, temperature, nitrogen
and ergosterol concentrations. - Funct. Ecol. 13: 119-125,
1999.

Tarhanen, S.: Ultrastructural responses of the lichen Bryoria
fuscescens to simulated acid rain and heavy metal
deposition. - Ann. Bot. 82: 735-746, 1998.

Tarhanen, S., Metsarinne, S., Holopainen, T., Oksanen, J.:
Membrane permeability response of lichen Bryoria
fuscescens to wet deposited heavy metals and acid rain. -
Environ. Pollut. 104: 121-129, 1999.

Towill, L.E., Mazur, P.: Studies on the reduction of 2,3,5-
triphenyltetrazolium chloride as a viability assay for plant
tissue cultures. - Can. J. Bot. 53: 1097-1102, 1975.

Tretiach, M., Baruffo, L.: Effects of H,S on CO, gas exchanges
and growth rates of the epiphytic lichen Parmelia sulcata
Taylor. - Symbiosis 31: 35-46, 2001.

Walther, D.A., Ramelov, G.J., Beck, J.N., Young, J.C,
Callahan, J.D., Marcon, M.F.: Temporal changes in metal
levels of the lichen Parmotrema praesorediosum and
Ramalina stenospora, southwest Louisiana. - Water Air Soil
Pollut. 53: 189-200, 1990.

Yang, X., Feng, Y., He, Z., Stoffella, P.J.. Molecular
mechanisms of heavy metal hyperaccumulation and
phytoremediation. - J. trace Elements Med. Biol. 18: 339-
353, 2005.





