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• Zn, Cd, Cu and Ni decreased ergosterol
content and increased cell membrane
damage.
• Pb and As decreased glutathione content
and
increased
membrane
lipid
peroxidation.
• Reduced glutathione does not provide
high oxidative stress protection in Cla
donia rei.
• Production of secondary metabolites
was not affected by heavy metal
accumulation.
• Despite the above, Cladonia rei is highly
stress tolerant lichen.
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Heavy metals present in the environment can cause a variety of injury symptoms in various organisms including
lichens. Most studies examined metal-induced stress under controlled laboratory conditions, and little is known
about actual response of lichens in their natural habitat. This study aims to recognize the effect of heavy metal
accumulation (total and intracellular) on lichen physiological and biochemical parameters specifically related to
the functioning of fungal component. Cladonia rei was used as a model species due to its common occurrence both
in unpolluted and extremely polluted sites. We observed a decline in the fungal metabolism which was expressed
by a decrease in ergosterol content and an increase in cell membrane damage as a result of increased Zn, Cd, Cu and
Ni accumulation. Additionally, the results indicated that increased accumulation of xenobiotics (Pb and As) caused
reduction of glutathione (GSH) concentrations and increased membrane lipid peroxidation. Therefore, we conclude
that GSH does not provide high oxidative stress protection in C. rei which is somewhat against its insensitivity to
pollution. The reduced pool of GSH could be explained by its oxidation to glutathione disulphide induced by heavy
metal stress or its use for phytochelatin (PC) synthesis. The content of secondary metabolites was not related to
heavy metal accumulation and remained at a relatively stable level. This indicates that the decline in the physi
ological condition did not weaken the mycobiont of C. rei enough to inhibit the synthesis of secondary metabolites
and their precursors were supplied at a sufficient level. Thus, the potential function of main secondary metabolites
as extracellular metal immobilizers and antioxidants is still possible even in individuals growing at extremely
polluted sites. Despite the evident heavy metal stress, C. rei copes well and spreads easily through extremely
polluted environments, which underlines its unique pioneering abilities in highly disturbed sites.
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2005). It has a critical role in cellular defence against oxidative damage
caused by heavy metals. The ability to maintain high level of reduced
GSH appears to be one of the most basic mechanisms of metal resistance
in lichens (Bačkor and Fahselt, 2008).
Photosynthetic partners are frequently considered more sensitive to
metal stress than mycobionts (Branquinho, 2001; Garty, 2001; Paw
lik-Skowrońska et al., 2006). Reduction of photosynthesis efficiency,
decrease of chlorophyll integrity and alternation in the synthesis of
assimilation pigments have been frequently observed in lichens due to
heavy metal stress (e.g., Karakoti et al., 2014; Pawlik-Skowrońska et al.,
2008). On the other hand, photobionts are largely protected against the
direct negative effects of toxic trace elements by the fungal partner.
Moreover, mycobiont absorbs considerably more metals than do algal
cells (Paul et al., 2003). Our previous study showed that despite heavy
metal stress, algal component is able to function efficiently in tolerant
epigeic species (Rola et al., 2019). However, little is still known about
the response of fungal component in lichens exposed to heavy metal
stress in their natural environment. Experimental studies showed
increased lipid peroxidation, depleted glutathione (GSH) and ergosterol
content and decreased activity of dehydrogenase enzymes in lichens
exposed to heavy metal stress (e.g. Kalinowska et al., 2015; Kováčik
et al., 2018b; Pisani et al., 2011a). However, most of such kind of studies
were performed under controlled laboratory conditions, and only a few
investigated the actual physiological response under natural conditions
(Branquinho, 2001).
Anthropogenic disturbances frequently lead to the formation of
lichen-dominated communities and some species are the first colonisers
of degraded soil and artificial post-industrial wastes. Their spontaneous
and rapid appearance is crucial for natural regeneration of disturbed
ecosystems (Cuny et al., 2004b; Osyczka and Rola, 2013; Rola and
Osyczka, 2018). Lichen assemblages, especially representatives of the
genus Cladonia, are the main visual component in many heavy metal
polluted sites, where they can grow in compact swards and constitute
the main biomass (Banásová et al., 2006; Rola et al., 2014, 2015). The
epigeic fruticose Cladonia rei Schaer. is an interesting instance of
exceptional plasticity at all levels of biological functioning of lichens and
adaptation to a wide range of environmental conditions. On the one
hand, its localities are distributed in semi-natural and natural habitats,
but on the other side the lichen has great ability to withstand high
amount of trace elements present in the surrounding environment and is
effective coloniser of anthropogenic sites (see e.g., Cuny et al., 2004b;
Rola et al., 2014; Rola and Osyczka, 2018). This lichen exhibits a high
degree of morphological variability, especially at strongly polluted sites.
Apart from high plasticity in terms of growth form, high intraspecific
genetic variation has also been observed in this species (Osyczka et al.,
2014). Moreover, fungal partner demonstrates rather low specificity
towards photosynthetic component and is able to select the best avail
able photobiont in a given habitat (Osyczka et al., 2021a; Rola et al.,
2020). Broader understanding of the effect of heavy metals on lichen
physiology is important both in the context of their adaptation strategies
to colonize heavy metal enriched sites and the utility of lichens in
reclamation interventions or environmental monitoring.
We intended to examine in detail the effect of heavy metal accu
mulation, both total and intracellular, on lichen physiological and
biochemical parameters specifically related to fungal component func
tioning. To conduct this study, we used Cladonia rei as a model species
due to its common occurrence in a natural environment or affected to
varying degrees habitats, while at the same time being able to colonize
extremely contaminated sites. We had therefore the possibility to
recognize physiological response of the mycobiont to increased con
centration of toxic elements in the thallus in relation to lichen in
dividuals inhabiting substrates representing a full spectrum of heavy
metal content. To achieve this goal, we applied the modelling of the
effect of factors related to accumulation of heavy metals on factors
represented by lichen physiological/biochemical parameters. Such an
approach involving the examination of lichen samples collected directly

1. Introduction
Lichens are symbiotic organisms formed in essence by a heterotro
phic fungus (mycobiont) and photosynthetic partner (photobiont),
which could be green algae and/or cyanobacteria. More specifically,
lichens should be treated as holobionts consisting of many associated
microorganisms with substantially different metabolism (Grube et al.,
2009; Hawksworth and Grube, 2020). Photobionts provide carbohy
drates/sugar alcohols to mycobionts, which in turn develop the struc
tural support for the whole symbiotic system (Honegger, 1993). The
performance of lichens in a given environment depends on the physio
logical status of both algal and fungal component. Compared to auton
omous fungi, lichens have developed many peculiar properties,
including in particular highly variable morphology/anatomy, high
phenotypic plasticity, specific metabolic pathways and methods of
reproduction. The structure and physiology of lichens contribute to their
success in the colonisation of environments extremely hostile to life
(Armstrong, 2017). An example of such habitats are areas characterized
by a highly elevated concentration of heavy metal elements in the
substrate.
The ability of some lichen species to tolerate or even accumulate
large amounts of potentially toxic elements inside thalli contributed to
their common use in biogeochemical prospecting and heavy metal bio
monitoring (Bargagli and Nimis, 2002). Lichens are devoid of a pro
tective cuticle and roots; therefore, they involve the entire surface of the
thallus to absorb nutrients and trace elements, including toxic metals
(Tyler, 1989). Excessive amount of heavy metals in the environment can
cause a variety of injury symptoms, such as changes in cell membrane
permeability, ultrastructure disorders, metabolism impairment or
chlorophyll degradation (e.g., Cuny et al., 2004a; Kováčik et al., 2018a;
Osyczka and Rola, 2019; Sanità di Toppi et al., 2005). Toxic trace ele
ments induce oxidative stress resulting from the production of reactive
oxygen species (ROS) (Kováčik et al., 2018b) that damage various vital
biomolecules, including lipids, proteins and nucleic acids (Halliwell,
1987). The level of lipid peroxidation is usually determined using
malondialdehyde (MDA) that reacts with thiobarbituric acid and forms
so-called thiobarbituric acid reactive substances (TBARS). The exposure
to heavy metal stress contributes also to the reduction of ergosterol
content which is a relevant indicator of mycobiont viability (e.g., Kali
nowska et al., 2015; Tarhanen et al., 1999).
Heavy metal accumulation in lichens is associated with extracellular
binding, intracellular accumulation and intercellular entrapment of
solid particulates within the thallus (Purvis and Pawlik-Skowrońska,
2008; Richardson, 1995). The elements accumulated in excess intra
cellularly affect lichen metabolism to the greatest extent (Bačkor and
Loppi, 2009). Trace elements can be regarded as ‘essential’ or ‘non-es
sential’ for metabolic functioning of lichens. Metals required for meta
bolism, such as Co, Cu, Fe, Mn, Mo, Ni, V and Zn, must be sourced from
the environment, but can be toxic at excessive concentrations. Other
metals, such as Cd, Hg, Pb, are xenobiotics and their presence in low
concentrations may cause toxic effects (Bačkor and Loppi, 2009). Li
chens have developed several adaptations to cope with metal excess in
the surrounding environment. Overall, exclusion of heavy metals is a
common detoxification mechanism (Purvis and Pawlik-Skowrońska,
2008). The complexation of metals with organic acids, melanin pig
ments and lichen secondary metabolites is an effective mechanism of
neutralizing toxic elements (Pawlik-Skowrońska et al., 2006; Purvis
et al., 1990; Takani et al., 2002). Moreover, heavy metal cations can
bind to extracellular sites of the mycobiont and photobiont cell walls
(Bačkor and Loppi, 2009). Defence against the harmful effects of heavy
metals can be also manifested by effective repair mechanisms. For
example, lichens frequently produce large amounts of ROS scavenging
antioxidants including enzymatic and low-molecular weight
non-enzymatic antioxidants that effectively repair disturbances (Kran
ner et al., 2008). Glutathione (GSH) is the principal low-molecular thiol
and nonenzymatic antioxidant in both lichen symbionts (Kranner et al.,
2
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from the environment in situ makes it possible to recognize the differ
entiation of physiological/biochemical parameters and to determine the
actual response resulting from heavy metal accumulation in lichen
thalli. We hypothesised that high intracellular accumulation of heavy
metals enhances the production of lichen secondary metabolites. We
also assumed that C. rei is capable to maintain high level of reduced GSH
in the thallus.

measured again (Cf). Relative electrical conductivity, reflecting degree
of membrane integrity loss (Simon, 1974), was assessed according to the
formula:
EC%  =

Cv − Ci
× 100%
Cf

For a more detailed description of the measurement procedure, see
Osyczka and Rola (2019).

2. Materials and methods

2.4. Membrane lipid peroxidation

2.1. Study area and sampling

The level of membrane lipid peroxidation in lichen thalli was esti
mated using a thiobarbituric acid-reactive substance (TBARS) assay,
according to Heath and Packer (1968), with some modifications of
Politycka (1996). Briefly, ca. 40 mg of C. rei thalli (DW) were homog
enized in a mortar using 1.5 ml of ice-cold 0.25% (w/v) thiobarbituric
acid (TBA) in 10% trichloroacetic acid (TCA) and heated in a water bath
at 95 ◦ C for 30 min. After cooling, the mixture was centrifuged at 15,
000×g for 15 min. The absorbance of the supernatant was measured at
532 nm (spectrophotometer Jasco V-650, Japan) and corrected for
nonspecific absorption at 600 nm. The concentration of lipid peroxida
tion products (TBARS) was calculated using the extinction coefficient
specific for one of the main reactive substances, i.e., the thiobarbituric
acid-malondialdehyde (TBA-MDA) complex (155 mM− 1cm− 1). The lipid
peroxidation level was expressed as nmol TBARS per gram of dry weight
of thalli.

The research area covers the Silesia-Cracow Upland which is one of
the most polluted regions in Poland associated with mining and pro
cessing of Zn–Pb ores (Cabała et al., 2008). Altogether six sampling sites
were selected; they represent post-industrial wastes (Bukowno town,
50◦ 16′ 18.2′′ N, 19◦ 29′ 34.2′′ E), post-flotation dump (Chorzów town,
50◦ 20′ 18.4′′ N, 18◦ 56′ 35.4′′ E), post-smelting dump (Piekary Śląskie
town, 50◦ 21′ 09.5′′ N, 18◦ 57′ 54.2′′ E and Trzebinia town, 50◦ 09′ 13.6′′ N,
19◦ 27′ 49.2′′ E), post-mining wastes (Ujków village, 50◦ 16′ 50.8′′ N,
19◦ 29′ 02.0′′ E) and semi-natural psammophilous grassland (Olsztyn
village, 50◦ 44′ 51.3′′ N, 19◦ 16′ 45.1′′ E). The samples were collected in
early autumn at the end of the growing season. The concentrations of
heavy metal elements in the soil substrate are provided in Table S1. For
general edaphic and vegetation characteristics of sampling sites, see
Rola et al. (2014) and Rola and Osyczka (2018). Ten lichen samples
were collected at each site. The materials were packed in paper enve
lopes and transported to laboratory where the thalli were thoroughly
cleaned of soil debris and bryophytes using tweezers and a brush. Part of
the material was analyzed right after it was collected, the remaining part
was stored at − 20 ◦ C until further analyses.

2.5. GSH
Extraction of GSH was performed according to the procedure
described by De Knecht et al. (1994). Lyophilized lichen samples (ca. 70
mg) were homogenized in a mortar in 200 μl of 5% (w/v) 5-sulfosalicylic
acid (SSA, Sigma-Aldrich, USA), containing 6.3 mM diethylene
triaminepentaacetic acid (DTPA, Sigma-Aldrich, USA). The sample was
transferred to an Eppendorf tube and the mortar was rinsed twice with
200 μl of extraction solution, collecting samples for a final volume of
600 μl. After centrifugation (15,000×g; 10 min), 300 μl of the super
natant was transferred to new tubes for the derivatization process,
which was performed according to Garcia et al. (2008). First, 500 μl of
0.5 M Tris-HCl buffer (Sigma-Aldrich, USA) at pH 8.9 was added, and
then 350 μl of 10 mM Ellman’s reagent (5,5′ dithio (2-nitrobenzoic acid)
– DTNB, Sigma-Aldrich, USA) in 0.5 M K2HPO4 (POCh, Poland) at pH of
8.0 was added. The content of the sample was mixed and incubated for 5
min, then acidified by 100 μl of 7 M H3PO4 (POCh, Poland) and
centrifuged (15,000×g; 10 min). All steps were performed on ice. The
supernatant was filtered through a 0,22 μm membrane and 50 μl was
injected on C18 Kinetex column (Phenomenex; 2.6 μm; 4.6 × 150 mm)
in Shimadzu Nexera-i LC-2040C 3D Plus UHPLC (Shimadzu, Japan) with
PDA detector. The separation was conducted at 25 ◦ C, with a flow rate of
0.8 ml min− 1 and at the gradient program 5–100% acetonitrile with
0.1% formic acid for 10 min, then column was washed with 100%
acetonitrile for 6 min. Derivatized GSH was detected at 330 nm (Garcia
et al., 2008) and quantified based on calibration curve prepared with
standard GSH (Sigma-Aldrich, USA) ranging from 1 to 50 μg dissolved in
1 ml of 5% SSA with DTPA. The derivatization process of the standard
was carried out in the same way as for the sample. Each sample was
analyzed in triplicate.

2.2. Intracellular element concentrations in lichen samples
Ca 150 mg of lichen thalli was soaked and shaken for 1 h in 10 ml of a
20 mM Na2EDTA solution and then rinsed in deionised water to remove
metals non-specifically bound to cell walls (Branquinho and Brown,
1994). The lichen samples were subsequently dried at 90 ◦ C for 24 h to a
constant weight. Dry and powdered lichen samples were digested in
mixture of 70% HClO4 and 65% HNO3 (1:4, v:v; Merck, Suprapur) at a
temperature increased gradually from 50 to 280 ◦ C (PG A-80; OPTIMA,
Poland), and then diluted with deionised water. Concentrations of
particular elements were determined by means of flame or graphite
furnace atomic absorption spectrometry (AA280FS, AA280Z with a GTA
120; Varian, Australia). Analyses of elements were repeated at least
three times; the mean values were treated as one observation. Certified
reference materials, namely GBW10015 Spinach (Institute of Geophys
ical and Geochemical Exploration) and INCT-OBTL-5 (Laboratory of
Nuclear Analytical Methods, Institute of Nuclear Chemistry and Tech
nology) were used to verify the quality of elements analyzed in samples.
The recovery values for CRM fell within ±10% of the certified value.
2.3. Assessment of cell membranes integrity
Ca 100 mg of freshly collected lichen material was rehydrated and
placed in a humid chamber (RH >95%) for 24 h to reactivate physio
logical activity and maintain membrane integrity (Honegger, 2003).
Then the samples were rinsed several times in deionised water to remove
all solid particles. The initial electrical conductivity in μS cm− 1 (Ci) of
the deionised water was measured using a conductivity meter (SevenGo
Duo SG23-FK5, Mettler Toledo). The samples were soaked in 50 ml of
deionised water in glass weighing bottles, covered tightly with plugs,
and shaken in a vibration shaker for 1 h (Vibramax 100, Heidolph). The
conductivity (Cv) of the samples was measured after soaking. Then, the
thalli were then boiled for 10 min at 100 ◦ C to destroy cell membranes.
After the samples had cooled to room temperature, conductivity was

2.6. Ergosterol content
The isolation and detection of ergosterol was performed according to
Dahlman et al. (2002). As ergosterol is sensitive to light, all steps were
conducted almost in the dark. Lyophilized lichen thalli were grinded in a
chilled mortar with liquid nitrogen. Then 1 ml of 99.9% HPLC grade
ethanol (Witko, Poland) was added to a weighed aliquot of about 20 mg
of the sample (in 1.5 ml screw-cap Eppendorf tube). The sample was
3

K. Rola et al.

Chemosphere 308 (2022) 136365

vortexed vigorously for 5 s and shaken in the dark at room temperature
for 30 min. After this time, the sample was vortexed vigorously again
and centrifuged at 15,000×g for 15 min. The resulting supernatant
containing the free ergosterol was immediately analyzed using a Shi
madzu Nexera-i LC-2040C 3D Plus UHPLC (Shimadzu, Japan) with a
Synergi Hydro-RP C18 column (Phenomenex; 4 μm; 4.6 × 250 mm) at
25 ◦ C, with a flow rate of 1.2 ml min− 1 and methanol as mobile phase.
Total analysis time was 23 min. Detection was performed at a wave
length of 280 nm (detector PDA). A standard curve was prepared
ranging from 1 to 20 μg of ergosterol (Sigma-Aldrich, USA) dissolved in
1 ml of ethanol. Each sample was analyzed in triplicate.

3. Results
3.1. Relationships between heavy metal concentrations in lichens and
physiological/biochemical parameters
Detailed statistics of heavy metal concentrations and physiological
parameters in C. rei thalli are provided in Table S2. Representative
UHPLC-MS chromatogram and LC-MS/MS data of secondary metabo
lites isolated from C. rei is presented on Fig. S1 and in Table S3. PCA
revealed patterns of relationships between physiological/biochemical
parameters and heavy metal concentrations in lichen thalli of C. rei
across all sampling sites (Fig. S2). The axis 1 was most influenced by
intracellular and total concentrations of Cd, Zn, Ni, Cu; whereas the axis
2 by TBARS, GSH, and Pb concentrations. Lichens collected in Olsztyn
village, those grouped on the left side of the diagram, were characterised
by the highest concentrations of GSH and ergosterol, the highest con
tents of secondary metabolites and the lowest concentrations of heavy
metal elements. Lichen individuals collected in Ujków village (situated
on the right side of the diagram) showed an opposite tendency. The li
chens from Chorzów and Piekary Śląskie towns were separated along the
axis 2 and were characterized by the highest TBARS concentrations, the
highest Pb accumulation and the lowest GSH concentrations (Fig. S2,
Table S2). The concentrations of Zn, Cd, Cu and Ni were positively and
significantly correlated with EC% (Fig. 1). Similarly, total and intra
cellular concentrations of Cd, Pb and Cu were positively related to
TBARS concentrations. On the other hand, most of heavy metal element
concentrations were negatively correlated with GSH and ergosterol
contents (Fig. 1). TBARS was negatively related to GSH contents,
whereas EC% was negatively associated with ergosterol concentrations.
As regards secondary metabolites, hyperhomosekikaic acid was posi
tively correlated both with GSH and ergosterol contents, while homo
sekikaic acid only with ergosterol content (Fig. 1).

2.7. Secondary metabolites analysis
Secondary metabolites were extracted and analyzed using Shimadzu
Nexera-i LC-2040C 3D Plus UHPLC (Shimadzu, Japan) with a photodiode
array detector. To approx. 10 mg of powdered lichen thalli 0.75 ml of
100% acetone (Sigma-Aldrich, USA) was added and the sample was placed
in an ultrasonic water bath (Sonic-3, Polsonic, Poland) at room tempera
ture for 15 min. After this time the extract was centrifuged at 15,000×g for
10 min. The extraction procedure was performed twice, and the superna
tants were collected and then dried under vacuum. Prior to HPLC analysis
the dry residue was redissolved in 1 ml of HPLC grade methanol (Witko,
Poland) and 5 μl of sample was injected on reverse-phase C18 column
(Synergi Hydro-RP; 4 μm; 4.6 × 250 mm, Phenomenex). The separation
was carried out under the following conditions: temperature at 25 ◦ C, a
two-solvent system comprising solvent (A) water and (B) methanol (both
acidified with 0.1% formic acid, v/v) with a linear gradient elution from 75
to 100% B over 10 min and then 100% B for 5 min with a flow rate of 1 ml
min− 1. The absorbance was measured in the wavelength range of 190–400
nm and the analysis of the chromatogram was performed at 254 nm. The
quantity of compounds was expressed as relative amounts represented by
peak areas in comparison to the control samples.
The identity of secondary metabolites was confirmed by LC-MS/MS
analysis using Waters Acquity UPLC system (Milford, USA) coupled to
a tandem quadrupole mass spectrometer (MS) with an electrospray
ionization (ESI) source. For a detailed description of the mass spec
trometry analysis, see Osyczka et al. (2021b). Secondary metabolites of
C. rei were identified by comparing the m/z values of their characteristic
fragment ions measured in the negative ionization mode with data
available in the literature (Brakni et al., 2018).

3.2. Factors related to heavy metal accumulation and lichen
physiological/biochemical parameters
Factor analysis reduced 12 variables related to heavy metal accu
mulation to three main factors with eigenvalues >1 that jointly
explained 86.7% of the total variance (Table 1). Factor A1 was associ
ated with total and intracellular concentrations of Zn, Cd and Ni as well
as intracellular Cu concentrations. Factor A2 represented total and
intracellular concentrations of Pb and total Cu concentrations. Factor A3
was associated with total and intracellular As concentrations.
Three factors were derived from the pool of determined physiolog
ical/biochemical parameters, accounting for 78.9% of the total variance
(Table 2). Factor B1 represented secondary metabolite concentrations.
Factor B2 correlated positively with GSH concentrations, while nega
tively with TBARS concentrations. Factor B3 correlated positively with
ergosterol content and negatively with cell membrane damage level.

2.8. Statistical analyses
Physiological/biochemical parameters and heavy metal concentra
tions in lichen thalli of C. rei were explored with principal component
analysis (PCA, based on the correlation matrix) to visualise the associ
ation between these variables and the separation of lichen samples
collected at different sampling sites. The correlations between heavy
metal concentrations and physiological/biochemical parameters were
verified by Pearson correlation coefficients. Subsequently, factor anal
ysis (FA) with Principal Components as the method of factor extraction
was performed to obtain uncorrelated factors on two separate data
matrices, i.e., with heavy metal concentrations and physiological/
biochemical parameters. The factors with eigenvalues >1 were extrac
ted according to the Kaiser criterion and varimax-rotated (computa
tional method of rotation) to facilitate their interpretation. Then, we
conducted simple linear regression analyses to investigate the effect of
factors derived from factor analysis that represented heavy metal
accumulation on factors represented physiological/biochemical pa
rameters. Prior to the analysis, distribution normality of residuals was
checked using the Kolmogorov-Smirnov test (p > 0.05) and the residual
analysis was performed to detect potential outliers.
The statistical calculations were performed using STATISTICA 13
(TIBCO Software Inc., Palo Alto, CA, USA) and PAST 4.06 (Hammer
et al., 2001).

3.3. Relationships between heavy metals and lichen physiology/
biochemistry
Three significant relationships were revealed between main factors
related to heavy metal concentrations and physiological/biochemical
parameters (Fig. 2). Factor A2 associated with Pb concentrations and
total Cu concentrations affected negatively Factor B2, which was related
negatively to TBARS and positively to GSH concentrations. The same
physiological parameters (Factor B2) were also negatively affected by
Factor A3 associated with As concentrations. Factor A1 related to Zn, Cd,
Ni and intracellular Cu concentrations negatively affected Factor B3 that
was positively related to ergosterol concentrations and negatively to cell
membrane damage level (EC%). Factor B1 associated with lichen sec
ondary metabolites was not significantly related to any of main factors
involved with heavy metal accumulation.
The most pronounced relationships are presented on Fig. 3. More
4
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Fig. 1. Exploratory heatmap showing Pearson’s correlation coefficients for physiological/biochemical parameters and heavy metal concentrations in lichen thalli of
Cladonia rei. Only statistically significant (p < 0.05) correlations are shown.

greatest impact on the level of cell membrane damage. Ergosterol con
tent is another parameter that may indicate the state of cell membrane
integrity, as it constitutes the major component of sterols in plasma
membranes of fungal cells that regulates membrane function and
fluidity (Pisani et al., 2011b). Ergosterol is also considered to be a good
indicator of mycobiont viability since its presence is closely related to
the metabolic activity of fungal cells (Dahlman et al., 2002; Ekblad et al.,
1998). Moreover, its concentration is associated with basal respiration
rates of lichens (Sundberg et al., 1999). We observed a decline in the
fungal metabolism manifested by a decrease in the content of ergosterol
when the accumulation of Zn, Cd, Cu and Ni increased and a simulta
neous increase in cell membrane damage. This means that C. rei does not
have exceptional properties in this respect, because in the case of this
lichen heavy metal stress has also generally a negative impact on the
physiological performance of mycobiont. Similarly, Tarhanen et al.
(1999) found that increased Cu and Ni accumulation in lichen Bryoria
fuscescens (sensitive and endangered species) significantly increased
potassium ion leakage and reduced ergosterol contents. Moreover,
increasing doses of Cd caused a decrease in the ergosterol content along
with an increase in membrane lipid peroxidation in Xanthoria parietina,
which was experimentally exposed to various doses of this trace element
(Kalinowska et al., 2015). On the other hand, Kováčik et al. (2011)
showed that despite damage to cell membranes, the content of ergos
terol tended rather to increase in X. parietina exposed to simulated acid
rain.

Table 1
Factors derived from factor analysis based on heavy metal concentrations
measured in samples of Cladonia rei. Variables with factor loadings greater than
0.65 are listed; factor loadings are given in parentheses.
Metal
Factors (A)

Constituent variables (factor loadings)

Variance
explained (%)

Factor A1

ZnINT (0.97), NiINT (0.96), NiTOT (0.91), ZnTOT
(0.89), CdTOT (0.88), CdINT (0.83), CuINT (0.83)
PbTOT (0.99), PbINT (0.88), CuTOT (0.81)
AsINT (0.91), AsTOT (0.79)

50.66

Factor A2
Factor A3

20.79
15.27

Table 2
Factors derived from factor analysis based on physiological/biochemical pa
rameters recorded in samples of Cladonia rei. Variables with factor loadings
greater than 0.65 are listed; factor loadings are given in parentheses.
Physiological
Factors (B)

Constituent variables (factor loadings)

Variance
explained (%)

Factor B1

Homosekikaic acid (0.98), Sekikaic acid
(0.91) Hyperhomosekikaic acid (0.76)
TBARS (− 0.85), GSH (0.84)
EC% (− 0.88), ergosterol (0.66)

41.78

Factor B2
Factor B3

19.76
17.32

specifically, TBARS and GSH were significantly related to the metals
representing Factor B2. Nevertheless, with increasing Pb accumulation
in the thalli, membrane lipid peroxidation (TBARS) increased, while
GSH concentrations decreased. The metals from Factor A1 (Zn, Cd, Cu
and Ni), were significantly correlated with the degree of cell membrane
damage (EC%) and the ergosterol content. With the increase in the
concentration of these elements in the thalli, EC% increased, while the
content of ergosterol decreased.

4.2. Membrane lipid peroxidation
Various adverse habitat factors can cause the ROS production that
leads to oxidative stress (Kranner et al., 2008). ROS induces decompo
sition of polyunsaturated fatty acids, which results in an increase in
malondialdehyde (MDA) concentrations (Mittler, 2002). MDA is
considered the major component of thiobarbituric acid reactive sub
stances (TBARS). High concentrations of heavy metals may alter plasma
membrane structure and cause production of ROS. Many studies tested
TBARS concentrations in lichens exposed to different doses of toxic trace
elements under laboratory conditions. Most of them showed increased
production of TBARS after direct exposure to Cu (Bačkorová et al.,
2015), Cd (Kalinowska et al., 2015), As (Pisani et al., 2011a) and Hg
(Pisani et al., 2011b). Similarly, our results showed that an increase in
membrane lipid peroxidation is associated with an increase in the
accumulation of xenobiotic elements (Pb, As). Nevertheless, our study

4. Discussion
4.1. Cell membrane integrity and ergosterol content
Plasma membranes constitute the first point for biological interac
tion with toxic substances (Hall, 2002; Honegger, 1993). It is well
known that xenobiotic elements, like Pb and As, have a strong affinity
for cell-wall ligands. In contrast, Zn, Cu and Ni are essential micro
nutrients which easily penetrate the plasma membrane (Bačkor and
Loppi, 2009). This may explain that mainly the latter elements have the
5
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demonstrating such a trend by examining a wide range of sites differ
entiated in terms of heavy metal pollution level, allows for an accurate
reflection what is the real condition of lichens in the environment in
which they are exposed to toxic trace elements. The laboratory study on
the toxicity of As on lichens confirmed deleterious effects of this element
since significant positive correlations were found between total As
content in lichen thalli and TBARS concentrations (Pisani et al., 2011a).
It is known that exposure to As may cause lipid oxidation in plants and
lichens by reduction of arsenate to arsenite and methylation of arsenic
compounds (Mascher et al., 2002; Meharg and Hartley-Whitaker, 2002;
Mrak et al., 2008).
4.3. Antioxidant activity
Glutathione is involved in xenobiotic and heavy metal scavenging
and constitutes an essential component of the antioxidative defence
system, which controls reactive oxygen species (Noctor and Foyer,
1998). Our results indicated that increased accumulation of elements,
mainly xenobiotics such as Pb and As, cause reduction of GSH concen
trations in the thalli of C. rei. In contrast, Cuny et al. (2004a) reported
that the epigeic lichen Diploschistes muscorum, a well-known hyper
accumulator of metals often co-occurring with C. rei in heavily
contaminated sites, tends to increase GSH content when the levels of
heavy metal concentrations in the substrate are very high. Pawlik-
Skowrońska et al. (2002) suggested that heavy metals may enter the
cytosol of fungal hyphae and influence the glutathione pool by stimu
lation GSH synthesis. This supports the theory of chelation of heavy
metals by GSH as was reported for Cu+ (Mehra and Mulchandani, 1995)
and As3+ (Rosen, 2002). It appears that C. rei has not acquired any
special ability to maintain a high level of reduced GSH if excessive
accumulation of toxic elements inside thalli occurs, which is in fact
inconsistent with our original assumption. We suppose that heavy
metals, especially Pb, Cd, As, Cu, lead to high accumulation of ROS, that
cause oxidation of lipids and GSH to glutathione disulphide. This was
confirmed by observed simultaneous increase in TBARS content and
decrease in GSH content with an increase in concentration of these el
ements (Fig. 1). Overload of toxic metal ions can significantly decrease
GSH content by metal-induced oxidation to GSSG. Moreover, heavy
metals can inactivate glutathione by binding to GSH’s sulfhydryl group
and can also inactivate glutathione reductase, leading to disturbances in
GSH recovery from GSSG (Bačkor and Fahselt, 2008; Rubino, 2015). The
considerable reduction in GSH concentrations was also reported by
Bačkor et al. (2006) in Cladonia cristatella after experimental treatment
of thalli with high Cu doses; however, low concentrations of Cu stimu
lated an increase in GSH synthesis. The glutathione naturally occurs in a
reduced monomeric form (GSH) as well as in a form of oxidized dimeric
(GSSG). Nevertheless, GSH is the most common and functionally
important given its potential role in ROS protection induced by toxic
metals (May et al., 1998). Therefore, we can conclude that in the case of
C. rei, somewhat against its insensitivity to pollution and even in the face
of high Pb and As accumulation, GSH does not provide high oxidative
stress protection, as it was evidenced by the increase in the level of
membrane lipid peroxidation with a simultaneous reduced GSH pool.
Until now, the negative effect of heavy metals on GSH concentration was
confirmed only in laboratory tests in which lichens were treated with
high doses of heavy metals, including Cd and Cr (Sanità di Toppi et al.,
2004, 2005) or As (Pisani et al., 2011a). Therefore, we believe that the
reduced amount of GSH in the examined C. rei samples was also caused
by a harmful effect of accumulated elements. As (III) has a very high
affinity for binding to thiol (SH) groups of biomolecules (Rosen, 2002).
Thiol compounds seem to have a very important role for cells that must
resist arsenic intoxication, and GSH is involved both in reduction of As
(V) to As (III) and further methylation (Mrak et al., 2010). GSH may also
bind As (III) to a form of arsenic triglutathione (As (GS)3) (Rosen, 2002).
Finally, the reduced pool of GSH could be explained by the need for its
use in phytochelatin (PC) synthesis (De Vos et al., 1992). Synthesis of

Fig. 2. Simple linear regression analysis showing relationships between factors
relating to the physiological parameters and factors relating to heavy metal
concentrations in lichen thalli. The dotted lines indicate 95% confidence in
terval. Coefficients of determination (R2) and ANOVA results for the fit of the
regression models are provided. See Tables 1 and 2 for Factors explanation.

provides information on the physiological response of the mycobiont in
lichens functioning in their natural environment, for which the source of
metal stress is contamination of the substrate. We cannot directly state
that this is a direct impact of these elements on the increased level of
oxidative stress, because it is an environmental study in which the lichen
thalli are simultaneously affected by many factors. However,
6
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Fig. 3. Simple linear regression analysis showing relationships between lichen physiological parameters (TBARS, GSH and ergosterol concentrations, EC%) and
factors relating to heavy metal concentrations in lichen thalli. The dotted lines indicate 95% confidence interval. Coefficients of determination (R2) and ANOVA
results for the fit of the regression models are provided. See Table 1 for Factors explanation.

PCs is induced by a wide range of metal ions and synthase of phy
tochelatin catalyses the conversion of GSH to PCs in the presence of
some metals (Grill et al., 1985). Lichens produce PCs in response to Cd,
Pb and Zn stress (Pawlik-Skowrońska et al., 2002). Since the PCs chelate
metals intracellularly, they are important part of metal detoxification
system responsible for metal sequestration in living cells (Zenk, 1996).
In turn, glutathione is a substrate for their synthesis. Thus, the reduced
pool of GSH observed in our study could also be explained by such a
physiological scenario. Nevertheless, to confirm this assumption,
detailed research is needed to determine PCs, glutathione, glutathione
disulphide and two related enzymes (glutathione reductase and
glucose-6-phosphate dehydrogenase) under laboratory conditions (see
Kranner, 1998).

metal detoxification by means of both metal complexation and antiox
idant activity (e.g., Hidalgo et al., 1994; Purvis et al., 1990). Sekikaic
and homosekikaic acids have been recognized as strong antioxidants
preventing oxidative damage (Sisodia et al., 2013). The increased pro
duction of secondary metabolites in lichen thalli due to metal stress
strongly suggests that they are involved in the extracellular immobili
zation of toxic elements (Hauck et al., 2013; Pawlik-Skowrońska and
Bačkor, 2011). On the other hand, if a decrease in production had been
observed, then this fact was explained by reduced vitality of mycobiont
(e.g., Gauslaa et al., 2016; Nakajima et al., 2019). The content of sec
ondary metabolites in C. rei was not related to any of factors associated
with heavy metal accumulation and remained at a relatively stable level
in all samples regardless of the sampling site. It is very possible that the
stress and the consequent decline in the physiological parameters
weaken the mycobiont of C. rei not enough to inhibit radically the
synthesis of secondary metabolites, and the precursors (polyols) are
constantly supplied at a sufficient level (see Osyczka et al., 2021b). In
other words, the potential function of main secondary metabolites of
C. rei as extracellular metal immobilizers and antioxidants remains and
is still available even to individuals growing at extremely contaminated
sites.

4.4. Secondary metabolites
Lichen secondary metabolites are produced from primary metabo
lites by the mycobiont (Elix, 1996; Huneck, 1999) and essentially do not
contribute to the basic metabolism. However, there are active sub
stances and can play an important protective role against various biotic
and abiotic adverse environmental factors (Molnar and Farkas, 2010).
Therefore, they can act as specific facilitators of adaptation to envi
ronmental changes and increase the range of ecological tolerance
(Culberson and Armaleo, 1992). The production intensity, significance
and functions of secondary metabolites in lichens exposed to heavy
metal stress are ambiguous and different conclusions have been
formulated depending on a given species and substance. There are evi
dences that some secondary metabolites play considerable role in heavy

5. Conclusions
The study approach allowed for a detailed analysis of the effect of
heavy metal accumulation on lichen physiological and biochemical
parameters specifically related to the functioning of fungal component
on the example of metal-tolerant species C. rei. We have shown an exact
7

Chemosphere 308 (2022) 136365

K. Rola et al.

reflection of the physiological response in relation to individuals
inhabiting sites with different level of heavy metal pollution. Although
this lichen abundantly occurs on substrates strongly enriched with
heavy metals, we observed a clear decline in the fungal metabolism,
which is somewhat against its insensitivity to pollution. The decrease in
ergosterol content and the increase in cell membrane damage along with
increasing Zn, Cd, Cu and Ni accumulation were observed. Moreover,
the results proved that increased accumulation of xenobiotics (Pb and
As) caused reduction of glutathione (GSH) concentrations and increased
membrane lipid peroxidation. This means that C. rei has no exceptional
adaptive properties in this regard and has not acquired any special
ability to maintain a high level of reduced GSH under heavy metal stress.
The reduced pool of GSH could be associated with its oxidation to
glutathione disulphide induced by heavy metal stress or its use in phy
tochelatin (PC) synthesis. On the other hand, increased heavy metal
accumulation did not affect the production of main secondary metabo
lites and their content remained at a relatively stable level. Thus, they
can potentially be used as extracellular metal immobilizers and anti
oxidants in individuals existing even at extremely polluted sites. The
high ability of C. rei to colonize the polluted habitats despite stress un
derlines perseverance and ecological importance of this lichen as a
sturdy pioneer of an affected post-industrial areas.
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