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The synthesis of various unique secondary metabolites by lichens is the result of mutualistic symbiotic
association between the mycobiont and autotrophic photobiont. The function of these compounds and
causal factors for their production are not fully understood. This paper examines the effect of heavymetal bioaccumulation and physiological parameters related to photosynthesis and carbon metabolism on the production of lichen substances in hyperaccumulator Diploschistes muscorum. The obtained model of secondary metabolite concentrations in the thalli demonstrates that the carbon source
provided by the photobiont and associated polyols produced by the mycobiont have positive impact on
the production; on the contrary, the increased intracellular load of heavy metals and excessive loss of cell
membrane integrity adversely affected secondary metabolite contents. Additionally, the production of
secondary metabolites appears to be more dependent on intracellular metal concentrations than on soil
pollution level. To compensate for metal stress, both efﬁcient functioning of algal component and sufﬁcient production of secondary metabolites are required. The balanced physiological functioning of
mycobiont and photobiont constitutes the complex protective mechanism to alleviate the harmful effects
of heavy metal stress on primary and secondary metabolism of lichens.
© 2021 The Authors. Published by Elsevier Ltd on behalf of British Mycological Society. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
Lichens constitute symbiotic association composed of a fungus
and an alga and/or cyanobacterium. Certain species are able to
effectively colonise various natural and anthropogenic sites that are
strongly enriched with heavy metals (Cuny et al., 2004a; Purvis and
Halls, 1996; Rola and Osyczka, 2014, 2018). Some of them show a
high tolerance to metal pollution; however, only a limited number
of species appears insensitive to extreme metal contamination of
the substrate (Osyczka and Rola, 2013a; Purvis, 2014). Those lichens
that demonstrate the unique ability for extraordinary accumulation
of elements in thalli are considered as hyperaccumulators; there
are, for instance, Diploschistes muscorum (Cuny et al., 2004b; Sarret
et al., 1998), Acarospora rugulosa (Chisholm et al., 1987),
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Stereocaulon japonicum (Nakajima et al., 2013) and Lecanora poly ska et al., 2006). The mechanism of heavytropa (Pawlik-Skowron
metal accumulation is primarily associated with extracellular ion
exchange process, intracellular accumulation and intercellular
entrapment of solid particles within the thallus (Purvis and Pawlik ska, 2008; Richardson, 1995). Heavy metals accumulated
Skowron
intracellularly affect lichen metabolism to the greatest extent
(Backor and Loppi, 2009).
Speciﬁc lichen secondary metabolites are produced by the
mycobiont (Elix, 1996; Huneck, 1999) and deposited in the cortex or
in the medullary layer as extracellular tiny crystals on the outer
r and Farkas, 2010). They are formed
surfaces of the hyphae (Molna
from primary metabolites but are not directly involved in the basic
metabolism. The production intensity, signiﬁcance and functions of
secondary metabolites in lichens are still poorly recognized.
Generally, it is believed that lichen secondary metabolites could
inﬂuence both biotic and abiotic interactions of lichens with their
environment (Deduke et al., 2012). There are active substances and
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synthesizes speciﬁc secondary metabolites in the form of depsides,
depsidones and dibenzofurans (Fahselt, 1994).
To put new light into the problem above, specimens of the
lichen hyperaccumulator Diploschistes muscorum inhabiting substrates polluted to different degrees were subjected to this study.
We intended to identify the factors that regulate the production
intensity of secondary metabolites to the greatest extent. To achieve this goal, we applied secondary metabolite content modelling
with predictors related to lichen physiological parameters and
intracellular accumulation of heavy metals.

could provide protection against herbivores, pathogens, competitors and external abiotic factors, such as high UV irradiation
r and Farkas, 2010). Secondary metabolites can play speciﬁc
(Molna
ecological roles to allow lichens to adapt or improve tolerance to
environmental changes (Culberson and Armaleo, 1992).
Production intensity of lichen secondary metabolites seems to
be dependent on heavy-metal stress and may be relevant for homeostasis and pollution tolerance. Some substances play crucial
role in heavy-metal detoxiﬁcation by means of both metal
complexation and antioxidant activity (e.g. Hidalgo et al., 1994;
Purvis et al., 1990). Certain secondary metabolites accumulated on
the outer surface of fungal hyphae can be involved in production of
chelates with heavy metals and thus they are supposed to immobilise metal elements extracellularly. For example, Cu complexation
by norstictic, psoromic and usnic acids (Purvis et al., 1987; Takani
et al., 2002) as well as the putative role of fumar protocetraric
and physodalic acids in Mn tolerance were reported (Hauck and
Huneck, 2007a,b). Nevertheless, the knowledge on the relationships between the production of secondary metabolites and heavymetal accumulation is fragmentary and the results of previous
studies are often inconclusive. Some studies revealed that
increased production of secondary metabolites is related to metal
 ska and Ba
stress (Hauck et al., 2013; Pawlik-Skowron
ckor, 2011).
This might suggest that lichen substances play an important role in
the extracellular immobilization of toxic elements. On the other
hand, others showed a negative effect of metal accumulation on the
production of metabolites (e.g. Gauslaa et al., 2016; Nakajima et al.,
2019), which was explained by reduced vitality of mycobiont. Still
others argued that there are no clear association between concentrations of secondary metabolites and heavy-metal pollution
(Ba
ckor et al., 2011; Nakajima et al., 2013).
The level of carbon is another factor involved in the onset of
secondary metabolism in lichens. Sugar alcohols (low molecular
weight polyols) constitute a reserve of carbon and reducing power
for lichens (Farrar, 1988). Ribitol, arabitol and mannitol are the basic
source for carbon and energy metabolism in lichens (Eisenreich
et al., 2011). The major carbohydrate ﬂux from the trebouxioid
algal photobiont includes the movement of ribitol out of the photobiont cells into the fungal hyphae, and then it is converted to
arabitol and mannitol (Lines et al., 1989). Heavy-metal stress may
cause the disruption of carbon and energy metabolism of lichens,
 et al.,
which in turn reduces the content of carbohydrates (Vantova
2013). Hence, concentrations of polyols in lichens can be used as
indicators of heavy-metal stress (Roser et al., 1992). However, the
relationships between concentrations of heavy metals and polyols
are complex and depend both on particular metal element and
sugar alcohol under consideration. Nakajima et al. (2019) observed
that the concentration of arabitol in Stereocaulon japonicum Th. Fr.
was almost constant in all samples; whereas ribitol and mannitol
varied regardless of Cu concentration in the thalli. On the other
hand, the concentration of total reducing sugars in Evernia prunastri
 et al., 2013). In
(L.) Ach. was decreased due to Cu stress (Vantova
case of Dirinaria picta (Sw.) Schaer. ex Clem., arabitol proved to be
the only sugar alcohol that showed a signiﬁcant negative correlation with the total amount of accumulated heavy metals (Huang
et al., 2017). The reduction in polyol concentrations may be
related to weakened condition of photobiont due to heavy-metal
stress, which in turn reduces photosynthetic pigment contents
and/or negatively affects photosynthesis efﬁciency. Consequently,
an excess of heavy metals in thalli could affect lichen primary
metabolism and thereby reduce the production of secondary metabolites by the mycobiont. This could be conﬁrmed by the fact that
lichens certainly direct carbon out of primary metabolic sequences
toward alternative secondary pathways, and hence, mycobiont

2. Materials and methods
2.1. Studied lichen species
Diploschistes muscorum (Scop.) R. Sant. is a terricolous crustose
lichen (Fig. S1) well known for its ability to withstand high amount
of trace elements present in the surrounding environment (Cuny
et al., 2004b; Osyczka and Rola, 2013a,b). This species is considered a hyperaccumulator, especially of Zn and Pb, due to exceptionally high accumulation capacity for these elements without
harming vitality (Maquinay et al., 1961). Secondary metabolites
synthesised by this lichen include orcinol depsides, i.e. diploschistesic acid and lecanoric acid which are major compounds,
while orsellinic acid has been frequently reported as satellite substance (e.g. McCarthy, 2016; Nash et al., 2002).
2.2. Study area and sampling
The study was conducted in the Silesia-Cracow Upland which is
one of the most polluted regions in Poland from the centuries
associated with mining and processing of ZnePb ores (Cabała et al.,
2008). Altogether six sampling sites were selected. They constitute
w town, 50 200 18.400 N, 18 560 35.400 E),
post-ﬂotation dump (Chorzo
post-industrial
wastes
(Bukowno
town,
50160 18.200 N,
 ˛ skie town,
19 290 34.200 E), post-smelting dump (Piekary Sla
50 21009.500 N, 18 570 54.200 E), post-smelting dump (Trzebinia town,
w village,
50 090 13.600 N, 19 27049.200 E), post-mining wastes (Ujko
50160 50.800 N, 19 290 02.000 E) and semi-natural psammophilous
grassland (Pazurek village, 50 200 42.300 N, 19 370 36.800 E). Sampling
was done in early autumn 2017. Ten lichen samples were collected
at each site taken to the laboratory right away. Simultaneously,
corresponding soil substrates were collected directly from under
the lichen thalli. The lichen material was intended for analysis of
metal concentrations (see Section 2.4), photosynthetic pigment
concentrations (see Section 2.5), photosynthetic efﬁciency (see
Section 2.6), degree of cell membrane damage (see Section 2.7),
content of secondary metabolites (see Section 2.8), concentrations
of sugar alcohols (see Section 2.9). Part of the material was frozen in
liquid nitrogen, dried and stored at 20  C until analyses. The soil
substrate was intended for analysis of metal concentrations (see
Section 2.3). Additionally, ten lichen and corresponding soil samples were collected from uncontaminated background site located
far from pollution sources (Podlesice village, 50 340 00.000 N,
19 320 27.700 E) for the determination of heavy metal concentrations
and calculation of background values (see Section 2.10).
2.3. Metal concentrations in soil samples
The soil samples were dried and passed through a 2-mm sieve.
The samples (5 g DW) were digested with 70% HClO4 (Merck,
Suprapur) using a digester (FOSS, Sweden). Subsequently, ﬂame
atomic absorption spectrometry was applied for determination of
Zn, Cd, Pb, Cu (Varian 280 Fast Sequential Atomic Absorption
Spectrometer, Varian, Australia) and Ni, As (Varian Zeeman 280
1000
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value was treated as one observation. For a more detailed
description of the measurement procedure see Rola et al. (2019).

Atomic Absorption Spectrometer with a 120 Graphite Tube Atomizer, Varian, Australia) concentrations. Certiﬁed reference materials,
i.e. CRM048e50G (SigmaeAldrich), BCR-483 (SigmaeAldrich), and
ISE-912 (WEPAL, Wageningen University), were used for quality
assurance. Corresponding solutions without samples were used as
reagent blanks. The analyses were repeated three times; the mean
values were considered to constitute one observation.

2.7. Integrity of cell membranes
Ca 100 mg of freshly collected lichen material was placed in a
humid chamber (relative humidity, ca 90%) for 24 h to stabilise
electrolyte leakage and maintain membrane integrity. Then the
samples were rinsed several times in deionised water to remove
solid particles. The initial electrical conductivity in mS cm1 (Ci) of
the deionised water was measured in advance as a blank using a
conductivity meter (Seven Go Duo SG23-FK5, Mettler Toledo). The
samples were soaked in 50 ml of deionised water in glass weighing
bottles, covered tightly with glass 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, causing the total rupture of cell
membranes. Conductivity was measured again (Cf) after the samples had cooled to room temperature. Relative electrical conductivity (EC%) indicating loss of membrane integrity was assessed
according to the formula:

2.4. Metal concentrations in lichen samples
Macroscopic foreign materials adhering to thalli surfaces were
carefully removed. Lichen samples were divided into two parts: one
intended for measurements of total concentrations, the other for
intracellular concentrations. For samples in the second part, ca
150 mg of lichen thalli were soaked by shaking 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 difference between total element content
and concentration after EDTA washing was speciﬁed as the extracellular content treated here as a fraction of metals trapped in the
form of solid particles in intercellular spaces and extracellularly
bound with exchange sites on the cell walls of symbionts. Then
lichen samples were dried at 90  C for approximately 24 h to a
constant weight. Dry and powdered lichen samples were digested
in 70% HClO4 (Merck, Suprapur) and 65% HNO3 (Merck, Suprapur)
(1:4) and diluted with double-distilled water. Concentrations of
particular elements were determined by means of ﬂame atomic
absorption spectrometry, using a Varian AA280FS and a Varian
AA280Z with a GTA 120. Analyses of elements were repeated at
least three times; the mean values were treated as one observation.
Additionally, analytical precision was checked against certiﬁed
reference materials (GBW10015, INCT-OBTL-5); all samples fell
within ±10% of the certiﬁed value.

EC% ¼

Cv  Ci
 100%
Cf

For a more detailed description of the measurement procedure
see Osyczka and Rola (2019).
2.8. Secondary metabolites analysis
2.8.1. Extraction procedure
Prior to lichen secondary metabolite extraction the lyophilized
lichen thalli were grounded and the samples were weighed in the
range of 8.5e10.0 mg. Then, they were extracted with 0.75 ml of
acetone in ultrasonic water bath (Sonic-3, Polsonic, Poland) for
15 min at room temperature. Then the extracts were centrifuged at
15,000g for 10 min. The extraction procedure was performed in
triplicate and the supernatants were collected, dried under vacuum
and stored at 20  C until HPLC analyses. The residues were
redissolved in 1 ml of HPLC grade methanol and passed through a
0.22 mm PTFE syringe ﬁlters (Labex Ltd., Hungary) before injecting
5 ml for HPLC analysis.

2.5. Pigment analysis and measurement of chlorophyll a integrity
Samples of ca 20 mg of lyophilized lichen thalli were washed
with CaCO3-saturated 100% acetone (following procedure of Barnes
et al., 1992). Then, photosynthetic pigments were extracted from
thalli using 3 ml dimethyl sulfoxide (DMSO) with the addition of
2.5 mg/ml polyvinylpolypyrrolidone (PVPP) twice for 45 min at
65  C in the dark (shaking at regular intervals). After cooling to
room temperature, extracts were centrifuged and diluted 1:1 with
fresh DMSO, and the absorbance of the extracts was read at 665.1,
649.1, 480, 435, and 415 nm (Jasco V-650 spectrophotometer,
Japan). Concentrations of chlorophyll a, b, and total carotenoids
were calculated using Wellburn's equations (Wellburn, 1994). The
degradation of chl a to pheo a (A435/A415) were assessed by determining the ratio between absorbance at 435 and at 415 nm (Garty,
2001). Four replicates were measured, the mean of which was a
single observation in further analyses. For a more detailed
description of the measurement procedure see Rola et al. (2019).

2.8.2. HPLC analysis
The analysis was performed on Shimadzu Nexera-i LC-2040C 3D
Plus Ultra High-Performance Liquid Chromatograph (Shimadzu,
Japan) with a photodiode array detector. The separation of secondary metabolites was achieved using a reverse-phase Kinetex
C18 column (150  4.6 mm; 2.6 mm) equipped with a Guard column
(both from Phenomenex) maintained at 25  C and the gradient
mobile phase consisting of: (A) water and (B) acetonitrile (both
acidiﬁed with 0.1% formic acid, v/v). A linear gradient elution
changed in the following steps: 0 min, 20% B; 3 min, 50% B; 6 min,
55% B; 8 min, 100% B at a ﬂow rate of 0.7 ml min1. The column was
equilibrated for 5 min before the next run. The absorbance was
measured in the range of 190e400 nm and the detection was
conducted at 254 nm. The identity of lichen compounds was
conﬁrmed by mass spectrometry analysis. The quantity of compounds was expressed as relative amounts represented by peak
areas.

2.6. Photosynthetic efﬁciency
The photosynthetic activity of lichen photobiont was measured
using an Open Fluor Cam FC 800-O/1010 ﬂuorometer (Photon
Systems Instruments, Czech Republic). Prior to ﬂuorescence measurements, fully hydrated lichen thalli were distributed over a
surface of petri dishes, covered and dark-adapted for 30 min. The
ﬂuorescence was measured using a pulse of saturating white light
(2500 mmol photons m2 s1). The photosynthetic efﬁciency was
assessed by the maximum quantum yield of PSII in dark-adapted
state as inferred from chl a ﬂuorescence emission (FV/FM). At least
ten individual thalli represented a single sample and the mean

2.8.3. LC-MS/MS analysis
The qualitative identiﬁcation of secondary metabolites was
conﬁrmed by LC-MS/MS analysis. A Waters (Milford, USA) ACQUITY
Ultra Performance Liquid Chromatograph (UPLC) system coupled to
1001
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cartridge was washed with three portion of 1 ml of water followed
by 1 ml of 60% acetonitrile (v/v). The cartridge was dried for a few
second and ﬁnally, the sugar fraction was eluted with three portion
of 0.5 ml of 100% acetonitrile. After ﬁltering through a 0.22 mm PTFE
membrane ﬁlters (Labex Ltd., Hungary) 20 ml of the sample was
subjected to HPLC separation.

a tandem quadrupole mass spectrometer with an electrospray
ionisation source (ESI) was used. The samples of lichen extracts
were dissolved in 1 ml 50% acetonitrile and injected, in a volume of
1 ml, into an ACQUITY UPLC BEH C18 column (100  2.1 mm, 1.7 mm,
Waters), maintained at 40  C. Chromatographic separations were
carried out at a ﬂow rate of 0.3 ml min1 using a gradient elution
program starting from 95% of eluent A (water with 0.1% formic acid,
v/v) and changing to 0% A within 10 min. Eluent B was acetonitrile
acidiﬁed with 0.1% formic acid (v/v). The spectra was measured in
the range of 200e700 nm using a Waters el PDA detector. The
samples were measured in negative ionisation mode and scanned
in the range of 50e1000 m/z. The ion spray voltage was set at
3000 V. The MS/MS experiments were run in the scan range from
50 to 600 m/z. The collision energy was set at 50 eV. The compounds were identiﬁed by comparing the UV spectra and the values
of pseudomolecular ion and fragmentation ions masses with those
given in the literature (Huneck and Yoshimura, 1996; Jin et al., 2018;
Torres-Benítez et al., 2017).

2.9.5. Chromatographic analysis of sugar alcohols
The analysis was carried out on Shimadzu Nexera-i LC-2040C 3D
Plus UHPLC (Shimadzu, Japan) with a Shimadzu photodiode array
detector. Derivatized sugar alcohols were separated on a reversephase Kinetex C18 column (150  4.6 mm; 2.6 mm) equipped
with a Guard column (both from Phenomenex) maintained at 30  C,
using a two-solvent system comprising solvent A (0.05% TFA in
water; v/v) and solvent B (0.05% TFA in acetonitrile; v/v) with a
linear gradient elution from 60 to 100% B over 10 min and then
100% B for 8 min at a ﬂow rate of 0.8 ml min1. The total run time
was 21.5 min, including a 3 min equilibration time. The wavelength
range was 190e400 nm and the detection was performed at
232 nm. The identiﬁcation of sugar alcohols was performed by
comparing their retention times (Rt) and absorption spectra with
those obtained for commercial standards: D-arabitol, ribitol (SigmaeAldrich) and D-mannitol (POCH, Poland).

2.9. Sugar alcohols analysis
2.9.1. Polyols extraction
The lyophilized lichen samples were grounded and weighed in
the range of 19.8e20.2 mg and then sugar alcohols were extracted
with 1.5 ml of 70% ethanol in ultrasonic water bath (15 min, 75  C).
Then the extracts were centrifuged at 15,000g for 10 min. The
extraction procedure was repeated three times. The supernatants
were pooled and the solvent evaporated under vacuum. Until the
analyses the samples were kept in a freezer at 20  C. Next, the dry
extracts were redissolved in 1 ml of deionized water (Millipore,
USA) for 30 min, with vigorous shaking at room temperature.

2.9.6. Quantitation of sugar alcohols
The content of the individual sugar alcohol was expressed as
absolute amount per g of DW of thalli estimated on the basis of
calibration curve prepared for the commercially available standards. The entire standard sample preparation protocol was performed in the same manner as for the sample. A four point
calibration curves were obtained using D-arabitol (from 25 to
200 mg ml1), ribitol (from 5 to 50 mg ml1), and D-mannitol (from
25 to 200 mg ml1).

2.9.2. Protein elimination
Preparation of samples for HPLC analysis of polyols was performed according to the method of Miyagi et al. (2007) with some
modiﬁcations. Brieﬂy, deproteinization of water samples was performed by adding 1 ml of 10% trichloroacetic acid solution to 0.4 ml
of sample. After centrifugation at 15,000g for 10 min at 4  C, the
supernatant (0.8 ml) was neutralized by the addition of 0.38 ml of
1.25 M K2CO3. It was centrifuged at 15,000g for 10 min at 4  C and
then 0.2 ml of the supernatant was use for reaction of sugar
derivatization.

2.10. Calculations and statistical analyses
In order to take account of the combined effect of several toxic
elements on the production of secondary metabolites, we decided
to use indices that reﬂect the overall levels of soil pollution and
accumulation of elements in lichen thalli. This approach is justiﬁed
given the fact that this study is based on the results obtained from
lichens naturally occurring in the polluted sites and their metabolic
response does not follow directly from experimental treatment
with individual elements. The concept was derived from Pollution
Load Index (Varol, 2011). Soil Pollution Load Index (SPLI) was
calculated based on the following formula:

2.9.3. Sugar benzoylation
For the benzoylation 120 ml of 1M KH2PO4 was added to 200 ml of
deproteinized samples in a 2-ml polypropylene centrifugation tube,
mixed slightly and combined with 25 ml of an undiluted benzoyl
chloride solution, and mixed well. Just after, 90 ml of 8 M NaOH was
added, the mixture was immediately vortexed for 50 s, and left at
room temperature for 10 min. After that 90 ml of 16% H3PO4 were
added to stop the reaction and vortexed for 10 s.

SPLI ¼

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p
6
PIsoilZnPIsoilPbPIsoilCdPIsoilCu PIsoilNi PIsoilAs

where PIsoil is a calculated value for a single Pollution Index calculated according to the formula

2.9.4. Solid phase extraction (SPE)
The formed benzoylated sugars were cleaned by solid-phase
extraction (SPE) technique with a Baker bond C18 silica cartridge
(J.T. Baker, USA). About 150 mg of the cartridge in a glass column
was rinsed by dripping using a laboport vacuum pump (KNF, USA)
with 1 ml 100% acetonitrile (three times) followed by 1 ml of water
(three times). All the time care was taken not to allow the sorbent
bed to dry out. Just after, the aqueous sample was load into the
conditioned cartridge and each sample tube was rinsed twice with
0.5 ml of deionized water that was also load into the cartridge. The
sample was passed through at 5 ml min1 ﬂow rate. Then, the

PIsoil ¼

Cnsoil
Bgsoil

where Cnsoil is the concentration of element in soil sample and Bgsoil
is the background value of mean element concentration in soil
samples collected from the background site (n ¼ 10). The values of
Bgsoil are provided in Table S1.
Intracellular Element Load Index (IELI) was applied for the
assessment of the total degree of intracellular heavy-metal load in
lichen thalli. IELI was calculated according to the following formula:
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ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p
6
PIlichenZn  PIlichenPb  PIlichenCd  PIlichenCu  PIlichenNi  PIlichenAs

The statistical calculations were performed using STATISTICA 13
(StatSoft, Tulsa, OK), STATGRAPHICS CENTURION 18 (StatPoint, Inc),
and PAST 3.25 (Hammer et al., 2001).

where PIlichen is a value for a single Pollution Index calculated as the
quotient:

PIlichen ¼

Cnlichen
Bglichen

3. Results
3.1. Content of secondary metabolites and polyols

where Cnlichen is the intracellular concentration of element in lichen
thalli and Bglichen is the background value of mean intracellular
concentration of element in lichen thalli collected from the background site (n ¼ 10). The same procedure was used with regard to
extracellular metal concentrations and values of EELI (Extracellular
Element Load Index) were determined for each examined sample.
The values of Bglichen are provided in Table S1.
The bioaccumulation factors were calculated according to the
formula: BAF ¼ concentration of element in the lichen/concentration of element in the corresponding substrate.
The correlations between particular parameters were veriﬁed
by means of Pearson correlation coefﬁcients. Subsequently, the
concentrations of sugar alcohols (ribitol, arabitol and mannitol),
photosynthetic pigment concentrations (chl a, chl b and carotenoids), chlorophyll integrity, FV/FM, EC%, and IELI were subjected to
factor analysis (FA) based on principal component analysis (PCA) to
obtain uncorrelated factors. The factors with eigenvalues >1 were
extracted according to Kaiser criterion and varimax-rotated to
facilitate their interpretation. We included to the analysis only IELI
assuming that elements accumulated inside the cells have the
greatest potential impact on metabolic processes and D. muscorum
tends to accumulate elements in amounts much greater than are
present in the substrate. Next, we conducted stepwise multiple
linear regression analysis using forward variable selection (with a
threshold of F > 1.00 to entry) to investigate the effect of factors
derived from factor analysis on the relative concentrations of secondary metabolites. Prior to the analysis, the following assumptions were veriﬁed in order to validate the models: distribution
normality
of
residuals
were
checked
using
the
KolmogoroveSmirnov test (p > 0.05), the potential multicollinearity of the predictors was veriﬁed by calculating the variance inﬂation factors (VIFs), DurbineWatson statistics were
calculated to evaluate the potential presence of a serial correlation
of residuals. A detailed residual analysis was performed to detect
outliers and inﬂuential points. The analysis was applied in relation
to relative concentrations of orsellinic acid, diploschistesic acid,
lecanoric acid and the sum of the relative concentrations of secondary metabolites treated as dependent variables.
Principal component analysis (PCA) was performed to show
distribution of studied samples according to their characteristics in
a form of the data attribute plots (graphic forms) to show differentiation of overall content of secondary metabolites across all
studied samples. The analysis was based on the correlation matrix.
Since the relative concentrations of secondary metabolites are
represented by peak areas at the speciﬁc retention times, the sum
of relative concentrations was normalized to the range between
0 and 1 for the purpose of this analysis.

Three main secondary metabolites were detected in
D. muscorum thalli, i.e. orsellinic acid, diploschistesic acid and
lecanoric acid (Fig. S2, Table S2). All these substances were present
in each examined lichen sample. The general proportion in the total
amount of secondary metabolites was always the same with
lecanoric acid having the highest and orsellinic acid having the
lowest relative concentration (Fig. 1a, Table S3).
The relative concentrations of secondary metabolites were
signiﬁcantly and positively correlated with each other (Fig. 2).
Three main polyols, i.e. arabitol, ribitol and mannitol were determined; concentrations of ribitol were always the lowest, mannitol
as a rule was a predominant polyol, although 12% of the samples
contained more arabitol than mannitol (Fig. 1b; Table S3). Ribitol
concentrations were strongly positively correlated with the arabitol
content, while the mannitol concentrations did not correlate
signiﬁcantly with other polyols (Fig. 2).

3.2. Factors affecting secondary metabolite concentrations
Factor analysis reduced 10 variables to three factors with eigenvalues >1 that jointly explained 83.3% of the total variance
(Table 1). Factor 1 was associated with IELI, EC%, photosynthetic
efﬁciency and chlorophyll integrity. Factor 2 was related to arabitol,
ribitol and chlorophyll concentrations. Factor 3 was associated with
mannitol concentrations.
The results of the multiple stepwise regression analysis are
presented in Table 2. A forward stepwise procedure with three
Factors (see Table 1) as predictors and secondary metabolites as the
dependent variables entered all Factors into the model. Factors 2
and 3 showed signiﬁcant positive effect, whereas Factor 1 signiﬁcant negative one. The exception was the model for orsellinic acid
where Factor 3 had no signiﬁcant effect. The strength of effect of
Factor 2 was higher than that of Factor 1 in case of each secondary
metabolite.
The obtained relationships were also conﬁrmed by PCA results
(Fig. S3). The main gradient can be observed along the ﬁrst axis.
Moving from the left to the right side of the diagram, the content of
photosynthetic pigments and polyols (ribitol and arabitol) decreases, while intracellular and extracellular contents of heavymetal elements in the lichen thallus, element concentrations in
soil substrate, degree of cell membrane damage and photosynthestic efﬁciency increase. Lichen samples with the highest
relative amount of secondary metabolites were located mainly on
the left side of the diagram (Fig. S3).
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Fig. 1. The relative concentrations of secondary metabolites (a) and contents of polyols (b) in examined lichen samples. Filled squares indicate mean values, boxes indicate standard
deviations, whiskers indicate minimum and maximum values.

Fig. 2. Heatmap showing Pearson correlation coefﬁcients for studied parameters related to lichen secondary metabolites, polyols, physiological parameters, intracellular concentrations of elements in lichen thalli and element concentrations in the soil substrate. Statistically signiﬁcant (p < 0.05) correlations are shown. IELI e Intracellular Element Load
Index; EELI e Extracellular Element Load Index; SPLI e Soil Pollution Load Index.

Table 1
Factors derived from factor analysis. Variables with factor loadings greater than 0.65 are listed; factor loadings are given in parentheses.
Factor

Variables (factor loadings)

Variance explained (%)

Factor 1
Factor 2
Factor 3

FV/FM (0.88), IELI (0.80), A435/A415 (0.72), EC% (0.70)
ribitol (0.92), arabitol (0.87), chl a (0.72), chl b (0.67)
mannitol (0.92)

54.53
17.75
10.97

biosynthesis remains unclear. On one hand, the photosynthetic
partner provides the carbon required for fungal metabolism, hence
lichen photobiont is considered crucial for secondary metabolite
synthesis as the essential supplier of assimilates in a lichen thallus.
For this reason it has been expected that experimental stimulation
of mycobiont by algal carbohydrates would increase secondary

4. Discussion
4.1. Relationships between polyols and secondary metabolites
Lichen secondary metabolites are produced by the fungal partner, but the role of algal carbohydrates in secondary metabolite
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Table 2
Result of stepwise multiple regression analysis for the effect of Factors (see Table 1) on secondary metabolites content in lichen thalli. Variables with signiﬁcant effect (p < 0.05)
are provided in bold. Variables are listed according to p-value. Coefﬁcients of determination and the results of ANOVA test for regression model are provided.
Orsellinic acid

Standardized b coefﬁcient

SE

t

p
<0.001
<0.001
0.029
0.066

Constant
Factor 2
Factor 1
Factor 3

0.657
0.258
0.215

0.113
0.113
0.113

32.415
5.823
2.282
1.899

Diploschistesic acid

Standardized b coefﬁcient

SE

t

p
<0.001
<0.001
0.002
0.002

Constant
Factor 2
Factor 1
Factor 3

0.808
0.266
0.263

0.079
0.079
0.079

26.970
10.227
3.373
3.330

Lecanoric acid

Standardized b coefﬁcient

SE

t

p
<0.001
<0.001
<0.001
0.001

Constant
Factor 2
Factor 3
Factor 1

0.589
0.466
0.355

0.101
0.101
0.101

29.671
5.848
4.622
3.528

Sum of metabolites

Standardized b coefﬁcient

SE

t

p

0.095
0.095
0.095

30.957
6.652
4.671
3.707

<0.001
<0.001
<0.001
0.001

Constant
Factor 2
Factor 3
Factor 1

0.635
0.446
0.354

R2

F

p

0.55

14.52

<0.05

R2

F

p

0.78

44.76

<0.05

R2

F

p

0.67

21.87

<0.05

R2

F

p

0.70

25.66

<0.05

found that the production of secondary compounds in Xanthoria
elegans was strongly induced by the presence of mannitol, whereas
ribitol showed negligible effect.
Evidence was provided that the carbon source provided by the
photobiont inﬂuences the secondary metabolism of the mycobiont
(Deduke et al., 2012). The intermediates of primary metabolism
that are no longer needed in the quantity in which they are produced can be transferred to another pathway. It is believed that
intermediates can be easily forwarded to secondary pathways
(Moore, 1998) serving as an alternative sink for extra products of
primary metabolism (Shukla et al., 2014). Such a phenomenon is
possible for lichens inhabiting polluted habitats. In our previous
study, we found that photosynthetic efﬁciency in D. muscorum
specimens collected from polluted sites remained at a very high
level (Rola et al., 2019). This indicated that essential photosynthetic
process was unaffected by heavy-metal stress and photobionts of
this lichen are well adapted to function under adverse conditions.
Efﬁcient photosynthetic process probably results in high production of ribitol and thus the formation of a large pool of intermediates that can serve as precursors for lichen secondary
metabolite production.

metabolite production (e.g. Molina et al., 1997). For example, additions of ribitol proved to substantially increase the parietin
resynthesis in Xanthoria parietina thalli (Solhaug and Gauslaa
2004). On the other hand, experimental study done by Elshobary
et al. (2016) revealed that higher concentrations of carbon sources provided for cultured mycobiont of Cladonia rangiferina
decreased secondary metabolite production. Nevertheless, the
relationship between concentrations of algal photosynthetic
products and secondary metabolite contents has not been studied
in lichens growing under natural conditions. In this context the
problem become even more complicated because assimilates produced by photobiont are rapidly transferred to mycobiont, irreversibly metabolized into different forms and used for thallus
growth, reproduction and other metabolic activities (Deduke et al.,
2012).
Regression models indicated that the same factors inﬂuence the
production of three secondary metabolites in D. muscorum. We
might have expected such results since production of these substances is probably coupled and can be explained through pathway
intermediates. The basic metabolite is orsellinic acid, which is the
main intermediate in the biosynthesis of depsides (Goga et al.,
2020). The esteriﬁcation of two orsellinic acid molecules affords
lecanoric acid in acetyl-malonate pathway (Goga et al., 2020) and
the hydroxylation of lecanoric acid gives diploschistesic acid (Elix
and Nash, 1992). The positive effect of ribitol and arabitol concentrations on secondary metabolite production (Tables 1 and 2) is
consistent with the fact that the same starting carbohydrates are
used for production of each secondary metabolite. The slight positive effect of mannitol on secondary metabolite production was
observed only for lecanoric acid. Little or no relationship between
the mannitol content and production of metabolites may be associated with the fact that mannitol is frequently regarded as a
storage compound in fungi (Cochrane, 1958). For instance, it is
found in large amounts in mycelia, fruiting bodies and spores
(Lewis and Smith, 1967). Consequently, ribitol produced by photobiont and arabitol which is the result of rapid metabolism of
ribitol by mycobiont (Lines et al., 1989) are regarded as a more
readily respiring metabolites than mannitol and thus constitute an
easy to mobilize reserve (Armstrong and Smith, 1993), especially
under stress condition. On the other hand, Brunauer et al. (2007)

4.2. Effect of intracellular metal accumulation on secondary
metabolite production
An increase in metal pollution of the environment in which a
given lichen exist does not necessarily imply a proportional increase in element concentrations inside its cells. A large part of the
accumulated load can be localized extracellularly and proportion of
particular fractions in lichen thalli depends on species and element
 ska, 2008).
(e.g. Osyczka and Rola, 2019; Purvis and Pawlik-Skowron
The production of secondary metabolites appears to be more
dependent on amount of heavy metals accumulated directly inside
the cells than on the level of ambient environment pollution
(Fig. 2). The synthesis of metabolites by lichens should therefore be
considered in relation to intracellular concentration of toxic elements and not only to ambient environment pollution. Despite the
fact that D. muscorum has capability to immobilize metals extracellularly, this lichen demonstrates a clear propensity for hyperaccumulation, to the extent that metal concentrations in thalli are
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4.3. Complex strategy related to heavy-metal stress

frequently several times higher than in host substrate (Table S3, see
also Osyczka and Rola, 2019; Rola et al., 2019). Consequently,
intracellular concentrations are relatively high which, in turn, may
result in harmful effects. We invented IELI to account for the cumulative effect of all accumulated elements on lichen secondary
metabolism. Nevertheless, the effect of particular elements
considered separately may be varied (Fig. 2). The experiments
under controlled laboratory conditions would make it possible to
verify a direct impact of individual elements on the production of
secondary metabolites.
Our study revealed adverse effect of increased heavy-metal
intracellular load on the production of secondary metabolites in
D. muscorum. Similarly, Nakajima et al. (2019) found signiﬁcant
negative correlations between the relative concentrations of atranorin and stictic acid and Cu concentrations in Stereocaulon japonicum. Such response is probably related to the impaired carbon
metabolism of the fungus. Increased level of cell membrane damage, which corresponds to intracellular metal load, additionally
indicates a reduced condition of mycobiont (Fig. 2; see also Osyczka
 ska and Ba
and Rola, 2019). On the other hand, Pawlik-Skowron
ckor
(2011) showed that lichens Hypocenomyce scalaris, Cladonia furcata
and Lepraria spp. produce more secondary metabolites in response
to heavy-metal pollution, whereas Gauslaa et al. (2016) found
decreased secondary metabolite production with increasing heavymetal concentrations in four epiphytic lichens. It certainly depends
 ska and Dayan (2005) observed
on metabolite in question. Białon
decrease in the content of physodic acid, hydroxyphysodic acid, and
atranorin with simultaneous increase of physodalic acid content in
Hypogymnia physodes thalli exposed to pollution, which suggested
that the latter compound could act against stress. With regard to
the secondary metabolites studied here, Sriviboon et al. (2013)
concluded that air pollutants caused the decline of lecanoric acid
in Parmotrema tinctorum after transplantation to polluted environment. In the context of tolerant lichens that colonize soil substrate polluted with heavy metals, it was shown that populations of
two Cladonia species from metal-rich substrata did not contain
signiﬁcantly higher amount of secondary metabolites than those
from control sites (Backor et al., 2011). Similarly, Nakajima et al.
(2013) reported that secondary metabolite concentrations in Cladonia humilis are independent of Cu stress.
The results of our study provide possible explanations as to why
previous studies found an increased or decreased production of
secondary metabolites in lichens exposed to heavy metal stress.
Our results suggest that the increased production of secondary
metabolites by the investigated hyperaccumulator lichen is not
directly induced by heavy metal stress. On the other hand,
increased concentrations of secondary metabolites in lichen samples from sites polluted with heavy metals, as for example in
 ska and Ba
Pawlik-Skowron
ckor (2011), may be associated with
several other factors. First of all, we showed that the production of
metabolites is related to the concentration of sugar alcohols and the
good physiological condition of the photobiont. Additionally,
regardless of the extreme pollution, the photosynthetic efﬁciency
remains high in tolerant lichens (see Rola et al., 2019). Secondly,
heavy metals accumulated intracellularly negatively affects the
production of metabolites to the greatest extent and high level of
heavy metal elements in the substrate is not of great importance for
lichens that exhibit the ability to immobilize heavy metals extracellularly. Therefore, lichens occurring on polluted substrates, in
which photobiont maintain good physiological condition and high
level of polyol production is observed, can also produce large
quantities of secondary metabolites.

To understand the heavy metal tolerance of the examined lichen
hyperaccumulator, apart from the simple fact of the positive effect
of polyols and negative impact of intracellular metal accumulation
on the production of secondary metabolites, it is worth taking a
closer look at the action of metabolic processes that may be
responsible for the phenomenon. Some lichen secondary metabolites accumulated on the outer surface of fungal hyphae are supposed to play an important role in the extracellular immobilization
of heavy metals. Metal complexation by lichen substances,
commonly termed as chelation, is another way to control the absorption and neutralization of toxic elements in thalli (Ba
ckor and
 ska and Ba
Loppi, 2009). Pawlik-Skowron
ckor (2011) found strong
positive correlation between Zn and Pb accumulation and content
of secondary metabolites in the thalli of three lichen species.
Simultaneously, lower amount of metal-complexing phytochelatins
were found in individuals from polluted site than in those sampled
from the control site. Presumably fewer harmful Zn and Pb ions
reach the photobiont cells in lichens containing higher amounts of
secondary metabolites. It seems reasonably in the context of our
results since protection of algal cells is necessary to maintain
optimal efﬁciency of the photosynthetic process and sufﬁcient
production of ribitol by photobiont. Consequently, this will ensure
efﬁcient synthesis of secondary metabolites. Nevertheless, extensive intracellular metal load ultimately leads to cell membrane
damage of fungal hyphae and impairment of metabolism (Fig. 2). To
compensate this negative effect both efﬁcient functioning of algal
component and adequate production of secondary metabolites are
required. Secondary metabolites could reduce intracellular accumulation of metals through their increased extracellular immobilization, while the photosynthesis products of photobiont can
provide the basis for the production of secondary metabolites. A
strategy of immobilization metals outside the cells is highly probable for D. muscorum since stable complexes of Zn with diploschistesic and lecanoric acids were previously observed in
specimens growing on calamine-rich soils in Belgium (Cuny et al.,
1995). Additionally, immobilisation of Zn and Pb by extracellular
oxalates on mycobiont hyphae may inhibits intracellular uptake of
toxic elements (Sarret et al., 1998).
There are other functional reasons for maintaining an adequate
production of secondary metabolites as well. Recently it was hypothesized that some of them play a role in protection against
oxidative stress in fungi (Kosani
c and Rankovic 2019; Luo et al.,
2009). Therefore, extensive production of metabolites has the potential to compensate for heavy-metal stress in lichens. Both
lecanoric and orsellinic acids produced by D. muscorum proved to
demonstrate antioxidant activity (Lopes et al., 2008; Luo et al.,
2009), whereby the last showed more than 8.5 times higher antioxidant potential than lecanoric acid (Lopes et al., 2008).

5. Conclusions
Our study shows how intracellularly accumulated heavy metals
and various physiological parameters inﬂuence the production of
secondary metabolites in hyperaccumulator D. muscorum. We
observed that the carbon source provided by the photobiont and
polyols processed by the mycobiont had a positive effect on the
secondary metabolites content in lichen thallus. On the other hand,
the increased intracellular heavy-metal load reduced the concentrations of secondary metabolites. Such response is probably
related to the impaired carbon metabolism of the fungus due to
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heavy-metal stress, which ultimately leads to cell membrane
damage of fungal hyphae and thereby decrease in secondary
metabolite production. We also found that regardless of soil
pollution level, the production of secondary metabolites in
D. muscorum directly depend on the metal load inside cells.
Consequently, the synthesis of metabolites by lichens should be
considered in relation to intracellular concentration of toxic elements and not only to ambient environment pollution.
To compensate the negative effect of metal stress both efﬁcient
functioning of algal component and relevant production of secondary metabolites are required. The protection of algal cells is
necessary for lichens inhabiting polluted sites in order to maintain
optimal efﬁciency of the photosynthetic process and production of
ribitol which provide the precursors for the production of secondary metabolites. This may be of great importance since secondary metabolites reduce intracellular accumulation of metals
through their extracellular immobilization. All of this constitutes
the complex protective mechanism against excessive negative effects of toxic trace elements on both primary and secondary
metabolism of lichens.
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