
340 PLANT SOIL ENVIRON., 53, 2007 (8): 340–344

Reactive oxygen species (ROS, e.g. ׀O2, O., O3) 
occur within plant tissues as a consequence of 
various stresses. Since they are very unstable, 
they can damage cell structures. They react with 
a wide range of cell components, such as pigments 
and proteins (Bhatacharjee 2005). To avoid cell 
damage, plants possess several mechanisms that 
deactivate ROS. Antioxidants (AO) represent one 
of the protective mechanisms against harmful 
ROS; glutathione, ascorbate, pigments of xantho-
phyll cycle and tocopherol belong among the most 
important of them (Blokhina et al. 2003). Besides 
higher plant tissues, the AO are also present in 
green algae, which form lichen thalli in symbio-
sis with lichenized fungi. In plants and lichens, 
ROS formation leads to changes in amount and 
redox state of AO. Therefore, the investigation of 
AO dynamics under various stresses allows us to 
quantify the capacity of protective mechanisms 
in plant cells. In a majority of plants, the total 
amount of glutathione increases during, or im-
mediately after, a long-term stress (Noctor and 
Foyer 1998). In a short-term stress, the opposite 
response is reported as documented for instance 
for shade leaves of Begonia after their transfer 

to full sunlight (Burritt and MacKenzie 2003). 
A similar rapid decrease in total glutathione was 
observed during a short-term pathogen attack 
(Vanacker et al. 2000) and drought stress (Loggini 
et al. 1999). The turnover of glutathione in plants 
under long-lasting stress reflects both short- and 
long-term response of glutathione. During stress, 
redox state of glutathione is altered as well. It was 
shown (e.g. Barták et al. 2004) that the ratio of 
oxidized to reduced glutathione increased after 
the treatment of thalli with high light. In lichens, 
the majority of studies focused on glutathione 
dealt with its dynamics during thallus desicca-
tion (e.g. Kranner and Birtic 2005, Weissman et 
al. 2005). An involvement of glutathione in high 
light stress in lichens has been studied recently 
(Kranner et al. 2005).

Zeaxanthin (Z) is a xanthophyll cycle pigment 
present in thylakoid membranes. It plays an im-
portant role in a dissipation of an excess light 
energy. It is formed from a diepoxide violaxanthin 
(V) via monoepoxide antheraxanthine (A). The 
deepoxidation of V to Z requires the presence of 
light; V recovers from Z in dark. There are several 
hypotheses trying to describe Z photoprotective 
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mechanism. It is likely that Z acts as a direct ac-
ceptor of energy from excited chlorophyll a in 
a reaction centre of photosystem II (Frank et al. 
1994). Havaux et Nyiogi (1999) suggested that 
Z interacts and deactivates ROS. Another hy-
pothesis postulates that Z changes conformation 
of light-harvesting complexes, and thus results in 
an enhanced thermal dissipation of excess energy 
(e.g. Gilmore 1997).

MATERIAL AND METHODS

Lichen collection and handling. Lichens are 
poikilohydric organisms. Their collection and 
storage differ from that used for homoiohydric 
plants. We investigated foliose species Lasallia 
pustulata and Umbilicaria antarctica collected 
from different locations (Ketkovice near Brno in 
the Czech Republic, Galindez Island in maritime 
Antarctica, respectively). Thalli of the above lichen 
species were transferred to a laboratory in Brno, 
air-dried and stored in a temperature-controlled 
room at 5°C under dim light (10 µmol/m2/s of 
photosynthetically active radiation – PAR). Before 
experiments, thalli were rewetted with demineral-
ized water under dim light at 15°C for 24 hours. 
Throughout the experiments, the thalli were kept 
in a fully hydrated state by regular spraying with 
demineralized water.

Set up for a photoinhibitory experiment. 
To quantify the effect of high light (HL) on the 
content of AO in thalli, we exposed lichens to 
1500 and 1800 µmol/m2/s PAR for 30 minutes. 
A halogen lamp was used as a source of ho-
mogenous light . Excess heat was eliminated 
by water filter with circulating water placed 
between the light source and exposed lichen 
thalli. Throughout the experiments, the thalli 
were kept in a fully hydrated state by contact of 
lower thalli surfaces with wet filter paper, and 
by regular spraying with demineralized water. 
Constant thallus temperature and air relative 
humidity were controlled by temperature and air 
humidity sensors connected to the data logger 
HOBO (Onset Computers, USA).

Sample preparation. Segments of lichen thalli 
(typically 80–100 mg dry weight for glutathione 
and 50–80 mg dw for pigment extraction) were 
taken regularly during high light experiments. They 
were immediately frozen in liquid nitrogen. After 
freeze-drying (Heto Maxi Dry Lyo, Denmark), dry 
thalli segments were homogenized using a ball 
mill (Retsch ZM 100, Germany). Dry powder was 

used for extraction of glutathione and pigments 
as specified below.

Glutathione. In lichens, three different methods 
are used for determination of glutathione and 
glutathione disulphide (Kranner 1998). In our 
study, a method with labeling thiols with mono-
bromobimane (mBBr) was used. The method al-
lows determination of both oxidized (GSSG) and 
reduced (GSH) glutathione. Dry lichen powder 
was extracted with 2 ml 0.1M HCl with addition 
of 60 mg of polyvinylpyrrolidone (PVP). Lichens 
contain phenolic secondary metabolites that can 
interact with glutathione during extraction. PVP 
binds phenolic compounds and eliminates their 
negative effect on reactions. The extract was 
divided into 2 parts. Total glutathione (GSH + 
GSSG) was determined in the first part; in the 
second part of the extract, thiol groups of GSH 
were blocked using N-ethylmaleinimid (NEM), 
which allowed to determine the amount of GSSG 
only. Disulphidic groups (-S-S-) in both parts 
of original extract were reduced by dithiotreitol 
(DTT) during the following step. Thiol groups 
were labeled with excess of monobromobimane 
(mBBr); approximately 1 µl of mBBr per 6 µl of 
extract was added. Samples incubated 15 minutes 
at room temperature. Then, 0.25% methanesulfonic 
acid (approximately 2.2 µl per 1 µl of extract) 
was added to acidify the sample. This step allows 
detection of mBBr using a fluorescence detector. 
GSH and GSSG were separated from low molecu-
lar thiols present in the extract and quantified 
by a reverse-phased HPLC (Figure 1). We used 
HPLC (Separation module 2690, Waters, USA) 
with fluorescence detector (Shimadzu RF-535), 
and separation column C18. We used separation 
protocol described in Kranner (1998).

Xanthophyll cycle pigments. Pigments were 
extracted according to Pfeifhofer et al. (2002) with 
slight modifications as follows. We used 100% 
acetone as an extraction medium. Instead of mor-
tar and pestle, as used in Pfeifhofer et al. (2002), 
we added small glass balls to lichen powder (see 
Sample preparation) for more effective homog-
enization. Small amount of CaCO3 was added to 
lichen powder to eliminate secondary metabolites, 
lichen acids in particular. Chilled acetone was 
added into a microtube with lichen powder, shook 
vigorously (VORTEX) for few seconds and centri-
fuged at 4°C for 10 min at 36 000 g. Supernatant 
with extracted pigments was saved. The process 
was repeated 3–4 times. Pigments were sepa-
rated by HPLC (Separation module 2690, Waters, 
USA) using photodiode-array detector (DAD 996, 
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Its volume decreased to 0% within 6.5 minutes; 
pure solvent B ran through the separation column 
for next 7 minutes. The volume of solvent A was 
changed back to 100% within next 2 minutes. The 
flow rate was 2 ml per minute. Pigments were de-
tected at 440 nm. The used protocol of extraction 
allowed the evaluation of Z, V, A, neoxanthin, lutein 
and chlorophylls a and b (Figure 2). The content 
of xanthophyll cycle pigments was expressed as 
a deepoxidation state of xanthophyll cycle pig-
ments DEPS = (Z + A)/(Z + A + V).

RESULTS AND DISCUSSION

The response of AO to HL in two lichen species 
is shown in Table 1. In both species, HL induced 
an apparent increase in DEPS. The increase is well 
comparable to the evidence reported for HL-treated 
higher plants (e.g. Wehner et al. 2006) and lichens 
(Vráblíková et al. 2006). The amount of total GSH 
decreased after the HL exposure. The response 
corresponds to the general trends reported for 
higher plants (Burritt and Mackenzie 2003).

The aim of the experiments presented in this 
paper was to test and improve the methods of Z 
and glutathione quantification in lichens. We 
may conclude that both used methods are well 
applicable in the investigation of HL-induced 
stress in lichens. In Z determination, we used 
acetone as an extraction medium. Compared to 
the other options (ethanol, DMSO; see Pfeifhofer 

Figure 2. Typical HPLC chromatogram of pigments separation in L. pustulata

Figure 1. Typical HPLC chromatogram of thiol separa-
tion in L. pustulata

Waters, USA). Solvent A consisted of acetonit-
ril, methanol and 0.1M Tris-HCl buffer (72:8:3). 
Solvent B contained methanol and hexane (4:1). 
Linear gradient started with 100% of solvent A. 
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et al. 2002), acetone is cheaper and relatively safe. 
To prevent evaporation of acetone, the extraction 
and all laboratory manipulations must be done 
quickly; we recommend to do the extraction on 
ice crush and to use chilled acetone. DMSO, on 
the other hand, is a more effective solvent, and the 
extraction with it requires less labor (Pfeifhofer 
et al. 2002). Based on our experience, we suggest 
grinding freeze-dried thalli of foliose lichens for 
at least 2 minutes in a ball mill. Nevertheless, 
the used protocol of homogenization cannot 
be generalized for all lichen species. Thalli of 
fruticose lichens are more resistant to mechanic 
destruction; their homogenization would prob-
ably require more time and a stronger extraction 
medium.
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1Vráblíková et al. (2005), 2Barták et al. (2004)
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