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Abstract 
Effects of copper and usnic acid on the lichen photobiont Trebouxia erici were assessed in order to determine whether 
usnic acid detoxifies copper. Copper and usnic acid were phytotoxic: each inhibited growth, decreased viability and 
chlorophyll a fluorescence, and altered assimilation pigments of lichen algae. Although usnic acid and increased copper 
were not synergistic, usnic acid did not significantly protect photobionts from negative physiological effects of copper. 
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l. Introduction 

Secondary metabolites of lichens include extracellular 
phenols secreted by the fungal partner, or mycobiont, which 
are deposited mainly on the surface of hyphae. Usually 
these substances, which include dibenzofuran derivatives, 
depsides, and depsidones, occur in considerable amounts, 
often constituting 0.1 to 5.0%, or even more, of thallus dry 
weight (Fahselt, 1994 ). 

Lichen substances have many functions, including 
antimicrobial activity, which may be responsible for long­ 
term survival of thalli (Lawrey, 1986) and antiherbivory 
(Poykko et al., 2005); allelopathy, which may involve 
inhibition of seed and spore germination (Follmann and 
Peters, 1966; Lawrey, 1986). Lichen products have also 
been reported to inhibit root elongation and mitosis 
(Rathore and Mishra, 1971; Reddy and Rao, 1978) and they 
are implicated in rock mineralization and pedogenesis, as 
well as nutrient acquisition through chelation (Lawrey, 
1986). These metabolites may also regulate photobiont 
populations (Backer et al., 1998), maintain the symbiosis 
and protect the light-sensitive algal symbiont. 

Usnic acid, one of the commonest lichen metabolites, 
exerts antibiotic and antimicrobial activity against G+ 
bacteria and other organisms, both aerobic and anaerobic 
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(Vicente and Cifuentes, 1981; Yamamoto et al., 1998), and 
has allelopathic effects as it reduces starch utilization 
during germination, inhibits amylase synthesis and ATP­ 
hydrolysing phosphatase during germination (Dalvi et al., 
1972). Usnic acid also causes heavy mortality and growth 
retardation of Spodoptera littoralis (Lepidoptera) and 
extends its larval period (Emerich et al., 1993). Usnic acid 
can be potentially toxic to photosynthesizing cells with 
which it may be in direct contact; for example, some lichen 
metabolites, including usnic acid, inhibit chlorophyll a 
fluorescence (FvlFm) in spinach leaves (Endo et al., 1998). 
Usnic acid also reduces protoplast viability of Nicotiana 
tabacum and inhibits plant cell proliferation (Cardarelli et 
al., 1997). 

Enantiomers of usnic acid, (-) and (+) forms, have 
different phytotoxic effects (Romagni et al., 2000); for 
example, (-)-usnic acid causes a strong decrease of 
carotenoid and chlorophyll levels in cucumber cotyledons 
and is associated with visible bleaching, while none of 
these effects are produced by (+)-usnic acid. Lechowski et 
al. (2006) found that (+)-usnic acid has a significant 
negative effect on leaf blade area of hydroponically 
cultivated tomato plants, although leaf thickness is 
increased about 40% in plants cultivated with 40 µM (+)­ 
usnic acid added to the medium for 21 days. 

Excess heavy metals, including copper, are toxic for the 
algal partner in the lichen symbiosis. Copper has been 
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reported as a redox-reactive metal (Sanita di Toppi and 
Gabrielli, 1999) and at the tested concentrations in our 
previous studies (Backer et al., 2003, 2004, 2006) was 
capable of increasing the levels of membrane lipid 
peroxidation (TBARS), decreasing chlorophyll a 
fluorescence and the rate of oxygen evolution, as well as 
altering assimilation pigments. Metal binding properties of 
usnic acid have been studied by synthetic and spectroscopic 
methods, and the structure of copper (II) complexes 
established by X-ray diffraction (Takani et al., 2002), but to 
date, the possibility of a protective role for secondary 
metabolites against heavy metals has not been tested 
experimentally. Therefore, the main aim of our work was to 
develop a system for assessing whether usnic acid provides 
protection against toxic levels of copper within lichen thalli. 
A secondary objective was to compare the toxicity of usnic 
acid and copper at selected concentrations and thereby 
experimentally determine the ability of usnic acid to chelate 
copper. 

2. Materials and Methods 

Organisms and culture conditions 

The lichen photobiont Trebouxia erici Ahmadjian 
(UTEX 911) was cultivated on agar medium (2%) 
previously developed for Trebouxia by Ahmadjian (1993); 
namely Bold's Basal Medium (BBM 3N) plus 10 g casein 
acid hydrolysate and 20 g glucose per liter with the pH 
adjusted to 6.5 (Backer et al., 2004). Copper enrichment 
was achieved using 0.4 mM and 4.0 mM copper chloride, 
and cultures were maintained at 22°C under a 16-h 
photoperiod and 30 umol.m? .s-1 artificial irradiance ("cool 
white" tubes). 

The computer program GEOCHEM-PC was used to 
estimate copper speciation of the low-copper culture media 
(control medium, 6.3 µM) as follows: free Cu2+ activity 
3.94E-14 M, free Cu2+ concentration 6.47E-14 M. Speciation 
of the culture medium enriched by 4 mM copper was: free 
Cu2+ activity 5.00E-6 M, free Cu2+ concentration 8.33E-6 M; 
about 63.5% ofCu2+ in this medium was in solid form with 
P04, 32.1% in solid form with OH-, 4.16% complexed with 
EDTA, 0.03% complexed with Off, 0.01% complexed 
with S04, and about 0.21 % as a free metal. 

Culturing on cellulose-acetate disks 

Photobionts were cultivated on the surface of cellulose­ 
acetate disks as described in previous studies (Backer et al., 
2003, 2004). Briefly, two inoculation loops of T. erici cells 
grown on stock solid Trebouxia medium were transferred 
into 50 ml of liquid Trebouxia medium in an Erlenmeyer 
flask and suspended by gentle stirring on a magnetic stirrer 
for l h. Cultures were maintained for five days in a 

cultivation room under conditions described previously, 
with daily stirring on a magnetic stirrer for about 1 h. The 
homogeneity of algal suspension was verified 
microscopically and the number of cells calculated using a 
standard haemocytometer. Cell density of cultures was 
adjusted to c. 106cells mr1 ofmedium. 

For photobiont cultivation, sterilized 25 mm (in 
diameter) cellulose-acetate disks (AcetatePlus) with pore 
size 0.25 µm were subjected to three different 
pretreatments. Usnic acid (0.01 and 0.1 mg I disk) dissolved 
in acetone, volume 30 µl, was applied by automatic pipette 
on the surface of disks while the same volume of acetone 
was used for control disks. After evaporation of acetone for 
4 h, one disk was transferred to the surface of solid 
Trebouxia medium in a separate Petri dish, 6 cm in 
diameter, and 15 µl of algal suspension were inoculated 
into the center of each disk. Disk pores allowed 
supplemental nutrient media to pass through the disk and 
permit growth to be easily determined from changes in 
biomass (Backer et al., 2003, 2004). The total mass of 
cultures was calculated by subtracting the mean fresh 
weight of a cellulose-acetate disk saturated by identical 
medium, from the fresh weight of a disk supporting the 
photobiont culture after 14 days of cultivation. Each 
treatment was replicated eight times. 

Viability assessment 

Photobiont cells from each treatment were gently 
separated from the surface of the cellulose-acetate filters by 
scalpel and, to disrupt cell aggregates, the cell mass was 
passed through a phytoplankton net with pore size 50 µm. 
Cells were immediately suspended in 5 mM HEPES buffer, 
pH 6.48. The prepared cell suspension was diluted with 
0.4% trypan blue solution (1:1) and loaded into the 
counting chambers of a haemocytometer. Trypan blue dye 
was excluded from cells with an intact membrane, while 
cells with damaged membranes took up the coloring agent. 
After I minute, the number of stained cells and total 
number of cells were recorded. The calculated percentage 
of unstained cells was assumed to represent the percentage 
of viable cells. Each treatment was replicated four times. 

Activity of photosystem II 

Chlorophyll a fluorescence was measured in 
photobionts grown on cellulose-acetate disks on the surface 
of the Trebouxia agar medium. Photobionts were dark­ 
adapted for 30 min prior to measurement while still on the 
medium in Petri dishes to minimize desiccation. The 
potential quantum yield of photosystem II (PSI!) was 
measured using a Plant Stress Meter (PSM Mark II, 
Biomonitor, SCI AB), with sensor 5 mm in diameter, and 
results were expressed as FvlFm calculated as the maximal 
fluorescence (Fm) less the minimal fluorescence (F0), 
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divided by Fm of dark adapted photobionts: (Fm- F0) I Fm= 
FvlFm. Chlorophyll fluorescence parameters were taken 
from three separate positions on each disk, and the mean 
value used as one observation. Each treatment was 
replicated four times. 

Pigment analysis and measurement of chlorophyll a 
integrity 

The influence of usnic acid on the photobiont response 
to excess copper was determined using cultures grown on 
cellulose-acetate disks. Weighed disks were directly 
extracted in the dark for 1 h at 65°C in 3 ml of dimethyl 
sulfoxide (DMSO). To maximize chlorophyll extraction, 
cell aggregates were then homogenized in a Vortex mixer 
in plastic conical 15 ml centrifuge tubes for c. 10 sec with 
the cellulose acetate disk. After cooling to ambient 
temperature, the absorbance of the extract was determined 
at 750 nm with a spectrophotometer to be certain that it was 
always less than O .01. The absorbance of extracts was then 
read at 665.1, 649.1, 435 and 415 nm to assess chlorophyll 
content and the possibility of chlorophyll a degradation 
(Barnes et al., 1992; Ronen and Gatun, 1984; Wellburn, 
1994). To utilize the linear part of the response curve, 
extracts from disks with very high cell densities 
(absorbance at 665.1 nm higher than 0.8) were diluted with 
fresh DMSO to fall into the absorbance range 0.2-0.8. 
However, this was not possible for cultures grown on 4 mM 
Cu as the absorbance of chlorophyll was less than 0.2. To 
determine the content of "total" carotenoids, absorbance 
was read at 480 nm. Chlorophyll a, chlorophyll b, 
chlorophyll a+b and total carotenoids were calculated using 
equations derived from specific absorption coefficients for 
pure chlorophyll a and chlorophyll b in DMSO. 
Chlorophyll alb was used to assess the physiological 
competence of algal cells. 

The ratios of absorbances at 435 and 415 nm (A 435/ A 
415), termed the phaeophytinization quotient, were 
calculated as a reflection of the ratio of chlorophyll a to 
phaeophytin a in order to provide an indication of 
photobiont chlorophyll integrity. Each treatment was 
replicated four times. 

Usnic acid yield 

HPLC was used to analyze the concentration of (+)­ 
usnic acid remaining on the surface of the cellulose-acetate 
disk at the end of experiments. Filters with usnic acid were 
placed in Eppendorf tubes and extracted in I ml of cool 
acetone for 60 min (Feige et al., 1993). Extraction of each 
disk was repeated at least three times, and the extracts from 
each disk combined. Extracts were evaporated and the 
residues re-dissolved in 1.5 ml fresh acetone. Filtered 
acetone extracts were analyzed by gradient HPLC (Feige et 
al., 1993; Lumbsch, 2002) using a Tessek SGX Cl 8 5µm (4 
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x 250 mm) column with flow rate 0.7 ml. min-1• The 
mobile phase was A = H20 : acetonitrile : H3P04 (80 : 19 : 
I) and B = 95% acetonitrile. The solvent gradient 
programme was O min 25% B, 5 min 50% B, 20 min 100% 
B, 25 min 25% B. Detection was performed at 245 nm 
(detector Ecom LCD 2084) and commercially available(+)­ 
usnic acid (Aldrich) was used as standard. Each treatment 
was replicated four times. 

Statistical analysis 

One-way analysis of variance and Tukey's pairwise 
comparisons (MINITAB Release 11, 1996) were applied to 
determine the significance (P<0.05) of differences in all 
measured parameters. 

3. Results 

Fig. la shows biomass production (mg fresh weight) of 
the Trebouxia erici photobiont on the cellulose-acetate 
disks after two weeks of cultivation. Growth of the 
photobiont was significantly reduced due to presence of 
usnic acid on the surface of cellulose-acetate disks and 
increased copper concentrations in the media. Although 
biomass on disks with a combination of usnic acid and 4 
mM Cu was slightly higher than with cultures treated with 
4 mM Cu, the differences were not large enough to be 
statistically significant. 

The viability of photobiont cultures in axenic cultures 
was reduced by usnic acid and copper treatments (Fig. 1 b ). 
Two usnic acid concentrations tested caused only a small 
(c. 10%) decrease of viability of photoiont cells. The 
higher, 4 mM, copper concentration tested caused a more 
pronounced decrease in photobiont cell viability, i.e., up to 
c. 60%. A combination of usnic acid (0.1 mg/disk) with the 
highest copper concentration treatment was equally 
phytotoxic. 

Both usnic acid concentrations tested caused a small but 
1 

significant decrease of chlorophyll a fluorescence (Fig. 1 c). 
The phytotoxic effect of 4 mM Cu was more pronounced, 
and the combination of 4 mM Cu and 0.1 mg usnic acid 
per disk further decreased chlorophyll a fluorescence as 
measured by FvlFm. Chlorophylls as well as total 
carotenoids were sensitive to presence of usnic acid on the 
surface of the disks and increased copper concentrations in 
the media (Fig. 1 d-i). Chlorophyll a (Fig. l d), chlorophyll 
b (Fig. 1 e), chlorophyll a+b (Fig. 1 f), and total carotenoid 
content per disk (Fig. lg) decreased significantly in 
response to increased usnic acid, and the decreases were 
even greater with the highest, 4 mM, copper concentration 
tested. The chlorophyll alb ratio was significantly decreased 
with 4 mM Cu in the medium, but usnic acid did not change 
this parameter significantly (Fig. lh). Chlorophyll a I 
phyeophytin a ratio was significantly decreased by 
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Figure I. Influence of (+)-usnic acid (o = control, i.i = 0.0 I mg per disk and~ 
= 0.1 mg per disk) and copper treatment ( control = 6.3 µM, 0.4 mM and 4 
mM) on selected parameters of 2 weeks old Trebouxia erici cultures; biomass 
production (a), viability (b), chlorophyll a fluorescence (c), chlorophyll a 
content (d), chlorophyll b content (e), chlorophyll a+b content (f), content of 
total carotenoids (g), chlorophyll alb ratio (h), chlorophyll a /phaeophytin a 
ratio (i), and usnic acid yield from disk (i), n=4. 
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treatment with 4 mM Cu (Fig. Ii), but not with usnic acid. 
The yield of the usnic acid from disks after 2 weeks was 

in the range of 70-100% (Fig. lj). The colour of usnic acid 
crystals on the surface of the disks changed at 4 mM copper 
treatments from yellow-green at the start of experiment to 
green at the end of the experiment. 

4. Discussion 

Photobionts on the surface of cellulose filaments form a 
layer reminiscent of that in stratified lichens (Backer et al., 
2003). The distribution of usnic acid crystals on the surface 
of filaments is reminiscent of the situation in naturally­ 
occurring lichens, where extracellular secondary 
metabolites located on the surface of hyphae may also be in 
contact with algal cells in the photobiont layer. 

As mentioned above, the effects of usnic acid are very 
well documented (lng6lfsd6ttir, 2002), including 
antimicrobial, antiprotozoal, antiviral, antiproliferative and 
phytotoxic activities. Although the allelopathic effect of the 
usnic acid on vascular plants (Lechowski et al., 2006) and 
algal partner of lichens (Backer et al., 1998) has been 
previously documented, its mode of action is still far from 
understood. Growth inhibition of photobiont cells by usnic 
acid, supported by the present study, may be partly 
explained by the antimitotic effects of usnic acid, a 
possibility tested throughout taxonomically diverse groups 
of organisms (Cardarelli et al., 1997). The decreased 
viability of the photobiont cells due to presence of usnic 
acid that we observed here is in accordance with results 
obtained by Cardarelli et al. ( 1997) for protoplasts of 
Nicotiana tabacum. 

Of the optical forms of usnic acid, recent studies have 
reported that (-)-usnic acid is usually more toxic for 
organisms tested than the (+) form (Ing6lfsd6ttir, 2002). 
Previous work has shown that (-)-usnic acid causes a dose­ 
dependent bleaching of lettuce cotyledonary tissues leading 
to seedling death, while (+)-usnic acid does not cause any 
significant change in chlorophyll and carotenoids (Romagni 
et al., 2000). While chlorophyll a degradation and the 
chlorophyll alb ratio were essentially unchanged in the 
presence of usnic acid, decreased concentrations of 
pigments were found, which may have been due to 
inhibition of photobiont cell division by usnic acid. 
Chlorophyll a fluorescence was decreased as a result of(+)­ 
usnic acid. This is consistent with previous observations 
that chlorophy II a fluorescence, which reflects status of 
photosystem II, is decreased in spinach leaves in the 
presence of lichen-derived secondary metabolites (Endo et 
al., 1998). 

The cytotoxic effects of excess copper on the lichen 
photobiont Trebouxia erici have been better documented 
than those of usnic acid (Backer and Vaczi, 2002; Backer et 
al., 2003, 2004) and include retardation of the growth of the 

T erici cells, decrease of cell viability and chlorophyll a 
content (Backer and Vaczi, 2002). Chlorophyll b content, 
on the other hand, increased in short term experiments, 
possibly due to the fact that some chlorophyll a was 
converted to chlorophyll b by oxidation of the methyl group 
on ring LI (Chettri et al., 1998). The ratio of chlorophyll a to 
phaeophytin a, which indicates the integrity of photobiont 
chlorophyll, decreases due to the presence of copper 
(Backer and Vaczi, 2002). Chlorophyll a fluorescence of T. 
erici cells has also been found to be sensitive to the 
presence of copper excess in culture media (Backer et al., 
2003, 2004). 

Production of water-insoluble complexes of lichen 
secondary metabolites (including usnic acid) with heavy 
metals (including copper) has long been considered a 
detoxification mechanism protecting lichens against heavy 
metal damage (Purvis et al., 1990). In the present study we 
observed a change in the coloration of usn ic acid crystals 
caused by the presence of copper in the culture media from 
yellow-green at start of experiment to green at the end of 
the experiment, similarly to that observed by Takani et al. 
(2002); however, this did not affect the yield of usnic acid 
from the disk at the end of the experiment. 

The present study has demonstrated that the presence of 
usnic acid, as well as excess of copper in the media, reduces 
growth of photobionts in culture. It is very difficult to 
compare the cytotoxic effect of usnic acid and copper. 
Copper availability in photobiont cultivation media is 
limited by the production of water-insoluble complexes. 
Usnic acid is only slightly soluble in water (Hrutfiord and 
Ugolini, 1984), which affects its availability. Backer and 
Fahselt (2004) found by means of wavelength-dispersive X­ 
ray spectrometry analysis that Cu, Ni, Fe and Al may occur 
within crystals of usnic acid, suggesting that complexing 
with heavy metals could constitute detoxification. Usnic 
acid complexes with copper, thereby protecting the 
photobiont cells in lichens to some extent against copper 
damage in natural situations. 

In the present study, usnic acid did not provide 
significant protection against copper. Cell wall 
immobilization (the exclusion mechanism of Cu tolerance) 
or increased free praline synthesis, as previously observed 
in the copper tolerant strain of Trebouxia (Backer et al., 
2004), are more probable mechanisms for Cu detoxification 
by lichen photobionts than chelation by usnic acid. 
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