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† Background and Aims Most lichens form associations with Trebouxia phycobionts and some of them simul-
taneously include genetically different algal lineages. In other symbiotic systems involving algae (e.g. reef
corals), the relative abundances of different endosymbiotic algal clades may change over time. This process
seems to provide a mechanism allowing the organism to respond to environmental stress. A similar mechanism
may operate in lichens with more than one algal lineage, likewise protecting them against environmental stresses.
Here, the physiological responses to oxidative stress of two distinct Trebouxia phycobionts (provisionally named
TR1 and TR9) that coexist within the lichen Ramalina farinacea were analysed.
† Methods Isolated phycobionts were exposed to oxidative stress through the reactive oxygen species propagator
cumene hydroperoxide (CuHP). Photosynthetic pigments and proteins, photosynthesis (through modulated chlor-
ophyll fluorescence), the antioxidant enzymes superoxide dismutase (SOD) and glutathione reductase (GR), and
the stress-related protein HSP70 were analysed.
† Key Results Photosynthetic performance was severely impaired by CuHP in phycobionts, as indicated by
decreases in the maximal PSII photochemical efficiency (Fv/Fm), the quantum efficiency of PSII (FPSII) and
the non-photochemical dissipation of energy (NPQ). However, the CuHP-dependent decay in photosynthesis
was significantly more severe in TR1, which also showed a lower NPQ and a reduced ability to preserve chlor-
ophyll a, carotenoids and D1 protein. Additionally, differences were observed in the capacities of the two phy-
cobionts to modulate antioxidant activities and HPS70 levels when exposed to oxidative stress. In TR1, CuHP
significantly diminished HSP70 and GR but did not change SOD activities. In contrast, in TR9 the levels of
both antioxidant enzymes and those of HSP70 increased in response to CuHP.
† Conclusions The better physiological performance of TR9 under oxidative conditions may reflect its greater
capacity to undertake key metabolic adjustments, including increased non-photochemical quenching, higher anti-
oxidant protection and the induction of repair mechanisms.

Key words: Oxidative stress, phycobiont, lichen, Ramalina farinacea, stress response, Trebouxia.

INTRODUCTION

Approximately 20 % of fungal species develop obligate
mutualistic associations with green algae and/or cyanobacteria.
Lichens are the result of such associations; they consist of a
nutritionally specialized fungus (mycobiont) that acquires
fixed carbon from its photosynthetic partner(s) (photobiont).
During development of the lichen thallus, both partners
undergo a complex series of morphological, biochemical and
physiological changes, resulting in a new organism with
novel features (Chapman and Margullis, 1998; Barreno,
2004). Lichenization is a clearly successful symbiosis as evi-
denced by the fact that lichens are found in almost all terres-
trial habitats, allowing both the photobiont and the
mycobiont to expand into many geographical regions where
separately they would be rare or non-existent.

Ramalina farinacea is an epiphytic fruticose, pendulose
lichen that propagates via vegetative propagules (soredia). It
is commonly present in Mediterranean areas on different
shrubs and trees, especially in sclerophyllous oak forests. In

these natural habitats it is subjected to long summer days of
desiccation and rehydration by dew during the night or,
during the rainy periods of the spring and autumn seasons,
by rain. However, this lichen is also found in other, less restric-
tive and humid ecosystems as well as in more stressful
environments such as high mountains. The diversity of eco-
logical contexts in which R. farinacea proliferates suggests a
wide ecophysiological plasticity of the lichen association to
cope with changing and often stressful environmental
conditions.

Water deficit, suboptimal temperatures, air pollution and
other types of stress disrupt the metabolic balance of cells,
resulting in the enhanced production of reactive oxygen
species (ROS) (Miller et al., 2010) such as 1O2 (singlet
oxygen), O2

·2 (superoxide anion radical), H2O2 and .OH
(hydroxyl radical). In chloroplasts, water stress, excessive
light intensity, suboptimal temperatures, xenobiotics and
heavy metals interfere with photosynthesis and induce a
higher electron transfer from photosynthetic electron carriers
to O2, increasing the generation of ROS (Galvez-Valdivieso
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and Mullineaux, 2010). These ROS trigger deleterious reac-
tions, including degradative processes that involve key chloro-
plastic components, for example thylakoid proteins (Casano
et al., 1994; Song et al., 2006), Calvin cycle enzymes
(Asada, 1999), and pigments and membrane lipids (Asada,
1999; Calatayud et al., 1999). To prevent oxidative damage,
plants have evolved a complex antioxidant defence system
made up of non-enzymatic and enzymatic constituents.
Among the former, reduced glutathione (GSH) and ascorbic
acid are the most important soluble antioxidants (Noctor and
Foyer, 1998). The enzymatic constituents include superoxide
dismutase (EC 1.15.1.1) (SOD), ascorbate peroxidase (EC
1.11.1.11) (APX) and glutathione reductase (EC 1.6.4.2)
(GR) as key antioxidant enzymes that scavenge O2

·2 and
H2O2, thus preventing formation of the highly toxic .OH
(Foyer et al., 1994; Scandalios, 2001). Several studies have
examined the possible causal relationships in lichens
between stress tolerance and the ability to remove and/or
prevent ROS formation (Deltoro et al., 1998; Kranner et al.,
2003, 2005; Weissman et al., 2005 and references therein).
In general, it was observed that, under stress, tolerant lichens
modulate the status and activity of their antioxidant
system(s) in response to increased levels of ROS. According
to Kranner et al. (2006), failure of the antioxidant system
during stressful conditions could trigger programmed cell
death, i.e. ageing and eventual death of the organism. This
suggests a potent antioxidant machinery as one of the under-
lying mechanisms of desiccation tolerance. NPQ (non-
photochemical dissipation of energy) is another important
process operating under stress conditions, as it transforms
into heat the excess light energy that cannot be used in photo-
synthesis and which could lead to ROS formation. In vascular
plants, this dissipation of excess light energy is associated with
acidification of the thylakoidal luminal space, the xanthophylls
cycle and the activity of the pSBS protein associated with
photosystem II (Niyogi et al., 2004). Lichens, however,
exhibit different response and defence mechanisms under
adverse conditions but as yet they have been rarely character-
ized. Evidence for this difference between lichens and vascular
plants comes from a recent report in which non-photochemical
dissipation processes in lichen photobionts were shown to
differ from those of vascular plants (Kopecky et al., 2005).
Thus, in homeohydric vascular plants dissipation processes
are dependent on the incident light and quickly disappear in
response to darkness (Müller et al., 2001; Szabó et al.,
2005). In contrast, we found that energy dissipation in
Trebouxia erici continues after the organism has been sub-
jected to 24 h of darkness and is independent of the xantho-
phyll cycle (Gasulla et al., 2009). Additional elements
involved in the protection of cells from the deleterious
effects of different stress conditions are heat shock proteins
(HSPs). Among them, the chaperone HSP70 participates in
protein folding and in maintaining the correct conformation
and function of a number of proteins. Moreover, there is abun-
dant experimental evidence demonstrating the induction of
HSP70 under several types of stress (Duan et al., 2010, and
references therein).

Previous morphological and molecular analyses indicated a
highly specific pattern of association between the lichen-
forming fungus R. farinacea and the same two phycobionts

[provisionally named TR1 and TR9 phycobionts in del
Campo et al. (2010) and L. M. Casano et al., unpubl. res.]
in all studied lichen thalli, independent of their geographical
location. These findings and the diversity of ecological con-
texts in which R. farinacea proliferates suggest a wide eco-
physiological plasticity of lichen associations, acquired
without major changes in phycobiont composition but prob-
ably by modulating the relative abundance of each phycobiont
(del Campo et al., 2010). An initial physiological characteriz-
ation of isolated TR1 and TR9 algae based on their growth and
photosynthetic response to light and temperature regimes
suggested a better physiological performance of TR9 under
relatively high temperature and irradiances than TR1. It can
thus be hypothesized that the constant presence of both
Trebouxia phycobionts in R. farinacea thalli is favoured by
the different and probably complementary physiological be-
haviour of each alga, thus improving the ecological fitness of
the holobiont. To test this hypothesis, the aim of the present
study was to search for physiological differences between
TR1 and TR9 by studying their response to stress conditions.
We therefore focused our attention on the effects of oxidative
stress as it is a common internal response to externally gener-
ated abiotic and biotic stresses. In the experiments described
herein, oxidative stress was imposed by treating the phyco-
bionts with the ROS propagator cumene hydroperoxide
(CuHP). CuHP has been used as an intracellular source of
reactive oxygen intermediates in studies assessing the effect
of oxidative stress on various biological systems, especially
animal and human cells (Ayala et al., 1996, and references
therein). Previous confocal microscopy analysis employing
specific fluorochromes demonstrated that CuHP induces ROS
formation in isolated Trebouxia cells, with the chloroplast as
the main target (Catalá et al., 2010). After CuHP treatments,
photosynthesis, photosynthetic pigments and proteins were
analysed in isolated phycobionts. In addition, the defence
response to CuHP was determined with respect to the levels
of several important antioxidant enzymes, such as SOD and
GR, as well as the stress-related protein HSP70.

MATERIALS AND METHODS

Phycobiont isolation and culture

TR1 and TR9 were isolated in our laboratories from a popu-
lation of the lichen Ramalina farinacea (L.) Ach. according
to Gasulla et al. (2010). Thalli were collected in the air-dried
state on Quercus rotundifolia Lam. at Sa El Toro (Castellón,
Spain; 39854′16′′N, 0848′22′′W). Samples were frozen at
–20 8C for 3 months, at which time they were cultured in
either liquid or semisolid Bold 3N medium (Bold and
Parker, 1962) in a growth chamber at 15 8C, under a 14-h/
10-h light/dark cycle (lighting conditions: 25 mmol m22 s21).

CuHP treatments

Unless stated otherwise, 3-week-old liquid cultures of TR1
and TR9 phycobionts were diluted to 2 × 106 cells mL21

and incubated for up to 24 h with concentrations of CuHP
(Sigma-Aldrich Co., St. Louis, MO, USA) ranging from 0 to
1 mM. At the indicated times, the algae were centrifuged and
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then rinsed twice with ultrapure cold water. These water-rinsed
phycobiont cells were used in subsequent analyses. Typically,
50 mL of treated cultures rendered approx. 250–300 mg of
phycobiont cells.

Photosynthetic pigment determination

Treated and control phycobiont cells in amounts of approx.
20 mg were resuspended in 100 % dimethyl sulfoxide and
incubated for 15 min at 65 8C. This treatment solubilized at
least 98 % of the photosynthetic pigments (data not shown).
After centrifugation at 5000g for 5 min, chloroplyll a, chloro-
plyll b and carotenoids were measured spectrophotometrically
according to Lichtenthaller (1987).

Soluble and membrane protein extracts

Treated and control phycobiont cells (approx. 200–250 mg)
were homogenized using a mortar and pestle with a minimal
amount of siliceous particles and 0.5 mL of the following
grinding medium: 50 mM Tris-Cl (pH 7.5), 2 mM EDTA,
1 mM ascorbic acid, 10 % (v/v) glycerol and 1 % (w/v) insolu-
ble polyvinyl pyrrolidone (PVPP). The homogenates were cen-
trifuged for 2 min at 200g to remove the siliceous particles,
PVPP, unbroken cells and cell-wall debris. Supernatants
were fractionated by centrifugation at 20 000g for 20 min,
resulting in ‘soluble proteins’ and ‘membrane proteins’.
Pellets (membrane proteins) were rinsed twice with 50 mM

Tris-Cl (pH 7.5), 2 mM EDTA and 100 mM NaCl, and then
resuspended in 0.1 mL of grinding medium without PVPP.
All of the steps were carried out at 4 8C.

Measurements of chlorophyll a fluorescence

Chlorophyll a fluorescence was measured at room tempera-
ture using a pulse modulation fluorometer (PAM-2000; Walz,
Effeltrich, Germany). Isolated algae that had been allowed to
grow for 3 weeks on cellulose acetate discs placed on semiso-
lid culture medium were incubated for 1 h with concentrations
of CuHP of up to 10 mM, after which the discs were returned to
control conditions for 24 h. Thereafter, the cells were main-
tained in a fully hydrated state by layering the discs on filter
paper wetted with distilled water and kept in the dark for
15 min prior to chlorophyll a fluorescence measurements.
The minimal fluorescence yield (F0) was obtained by excitation
of the phycobionts with a weak measuring beam from a light-
emitting diode. A saturating pulse (600 ms) of white light (at
a photosynthetic photon fluence rate of 4000 mmol m22 s21

over the waveband 400–700 nm), closing all reaction centres,
was applied to obtain the maximal fluorescence (Fm).
Variable fluorescence in dark-adapted samples (Fv) was calcu-
lated as Fm – F0. Following 2 min of dark readaptation, actinic
white light (260 mmol photons m22 s21) was switched on, and
600-ms saturating pulses were applied at 60-s intervals to deter-
mine the maximum fluorescence yield during actinic illumina-
tion (F′

m), the level of modulated fluorescence during a brief
interruption of actinic illumination in the presence of far-red
light (F′

o) and the chlorophyll fluorescence yield during
actinic illumination (Fs). Quenching as a result of non-
photochemical dissipation of absorbed light energy (NPQ)

was determined at each saturating pulse according to the
equation NPQ ¼ (Fm – F′

m)/ F′
m (Bilger and Björkman,

1991). The coefficient for photochemical quenching, qp, was
calculated as (F′

m – Fs)/ (F′
m – F′

o) (Schreiber et al., 1986).
The quantum efficiency of PSII photochemistry, FPSII, closely
associated with the quantum yield of non-cyclic electron trans-
port, was estimated from (F′

m – Fs)/F′
m (Genty et al., 1989).

Activity of antioxidant enzymes

Antioxidant enzyme activities were assayed in the soluble
protein fraction by spectrophotometric and zymogram ana-
lyses. SOD activity was determined spectrophotometrically
at 560 nm as described by Casano et al. (1999). GR activity
was assayed at 25 8C according to Casano et al. (1999), follow-
ing the decrease in A340 due to NADPH oxidation.

For zymograms, soluble proteins (usually 20 mg) were sep-
arated by electrophoresis in native PAGE (ND-PAGE). GR
and SOD activities were developed as described previously
(Lascano et al., 2001). Different SOD isoforms were distin-
guished based on their sensitivity to inhibition by 2 mM

KCN and 5 mM H2O2. Mn-SOD is resistant to CN- and
H2O2, Fe-SOD is resistant to CN- but inhibited by H2O2 and
both inhibitors inactivate CuZn-SOD (Fridovich, 1986).

Immunoblot analysis of photosynthetic proteins, HSP70 and GR

PSI (PsaC) and PSII (D1) proteins were assayed in the
‘membrane protein’ fraction, and HSP70 and GR were
assayed in the ‘soluble protein’ fraction. After SDS–PAGE,
the separated proteins (usually 10 mg) were transferred to
PVDF membranes (Millipore, Billerica, MA, USA).
Immunocomplexes with commercially available antibodies
against PsaC, D1 and HSP70 (Agrisera, Vännäs, Sweden) or
prepared previously against wheat chloroplastic GR (Lascano
et al., 2001) were detected with an alkaline phosphatase
Western blotting system (Sigma-Aldrich Co., St Louis, MO,
USA).

RESULTS

Effects of CuHP on photosynthetic pigments and proteins, and
fluorescence parameters

The physiological response to oxidative stress of R. farinacea
phycobionts was studied by analysing the changes in photo-
synthetic pigments and proteins in liquid cultures of isolated
TR1 and TR9 subjected to different concentrations of CuHP.
In a first approach we determined the time course of chloro-
phyll a, chlorophyll b and carotenoid levels in CuHP-treated
TR1 cells over a period of 24 h (Fig. 1). Carotenoid content
was the most sensitive to oxidative stress, decreasing by
approx. 70 % after a 24-h incubation with 1 mM CuHP, while
chlorophyll b was not significantly affected by CuHP treat-
ments and chlorophyll a showed an intermediate degradation
rate. Pigment changes were more intense in the first hour of
incubation, especially in carotenoids (Fig. 1). Accordingly,
we decided to measure the changes in chlorophyll a and caro-
tenoid content in TR1 and TR9 cells incubated with CuHP for
6 h. As shown in Fig. 2, pigment levels decreased as CuHP and
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incubation time increased. However, CuHP-induced oxidative
stress had a markedly higher impact on TR1 than on TR9.
Indeed, no significant chlorophyll a decay was observed in
TR9 even following incubation with 1 mM CuHP for 6 h, as
this phycobiont maintained carotenoid at higher levels than
TR1 under all assayed conditions. The effects of CuHP on
the steady-state levels of the proteins PsaC and D1 were ana-
lysed by Western blot in isolated TR1 and TR9 cells (Fig. 3).
Whereas there was no apparent change in PsaC, D1 decayed
progressively in both phycobionts as oxidative stress
increased; however, the decrease was markedly more intense
in TR1 than in TR9.

In order to study whether the observed differences in the
photosynthetic pigments and proteins of TR1 and TR9
accounted for the differences in photosynthetic behaviour
under oxidative stress, chlorophyll fluorescence parameters

were analysed in isolated phycobionts exposed to CuHP.
Treatments were carried out in solid (cellulose acetate discs)
cultures incubated for 1 h with CuHP concentrations of up to
10 mM, after which the discs were returned to control conditions
for 24 h and fluorescence parameters were subsequently
measured. In general, photosynthesis was negatively affected
by the presence of CuHP. Both TR1 and TR9 tolerated
2.5 mM CuHP, but photosynthetic activity decreased linearly
as the CuHP concentration rose to 10 mM, at which virtually
no photosynthesis was detected using the chlorophyll fluor-
escence technique. Figure 4A shows the effect of CuHP on
the maximum efficiency of PSII photochemistry after dark
adaptation (Fv/Fm). Exposure of TR1 and TR9 to CuHP concen-
trations higher than 2.5 mM produced a decrease in Fv/Fm,
demonstrating that the oxidative stress generated by CuHP
caused PSII photoinhibition. However, whereas at 5 mM

CuHP the Fv/Fm ratio decreased by approx. 52 % in TR1, in
TR9 it diminished by only 25 % with respect to the correspond-
ing control values. At 7.5 mM CuHP, TR1 completely lost
photosynthetic activity whereas TR9 retained 27 % of the
initial activity. PSII photochemical efficiency during actinic
light exposure (FPSII, Fig. 4B) declined in the presence of
2.5 mM CuHP in the two algal species, albeit to differing
extents. Specifically, FPSII was less affected in TR9 than in
TR1, with significant decreases of 54.4 and 74.7 %, respect-
ively. At 7.5 mM CuHP, FPSII was completely suppressed in
TR1 whereas in TR9 13.5 % of the initial level was maintained.
Figure 4C depicts the effect of CuHP treatment on the pro-
portion of ‘open’ PSII centres, estimated as qP. At 5 mM

CuHP, qP decreased to similar extents in TR1 and TR9 (43.3
and 35.2 %, respectively). However, at 7.5 mM CuHP, all TR1
reaction centres were closed whereas TR9 retained 40.9 % of
its initially open centres. The degree of NPQ (Fig. 4D) was
adversely affected by exposure to CuHP in both species.
Although the differences were not statistically significant due
to the high variability of the data, NPQ values were consistently
higher in TR9 than in TR1.

Antioxidant enzymes and HSP70 protein under CuHP treatment

To elucidate the possible cause(s) of the observed differences
in photosynthetic behaviour of TR1 and TR9 phycobionts under
oxidative stress, we looked for differences in their capacity to
modulate the activity of antioxidant enzymes in response to
increased levels of ROS. Accordingly, the effects of different
CuHP concentrations on the activity and protein levels of GR
and the activity of SOD were investigated in liquid cultures of
isolated TR1 and TR9 phycobionts through spectrophometric
assays, zymograms and Western blotting. In general, GR and
SOD were differentially modulated by oxidative stress in each
phycobiont (Fig. 5). Total activity in spectrophotometric
assays (Fig. 5A) as well as zymograms (Fig. 5B) showed that
initial GR activity was lower in TR9 than in TR1 (50 and 21
nmol NADPH min21 mg21, respectively). However, GR
activity in TR1 significantly decreased with incubation time
and CuHP concentration whereas in TR9 this antioxidant
enzyme was dramatically induced by oxidative treatments. As
expected, zymograms confirmed the results of total activity
spectrophotometric assays, as both phycobionts contain
only one GR isoform (as determined by one-dimensional
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ND-PAGE). Moreover, the results of Western blots probed with
anti-wheat GR polyclonal antibodies (Lascano et al., 2001)
suggested that changes in GR activity were due, at least in
part, to parallel variations in the amount of GR protein
(Fig. 5B). Based on the extent of total SOD activity (Fig. 5A),
this enzyme does not appear to play a particularly relevant
role in the different behaviours demonstrated by the TR1 and
TR9 phycobionts. However, a more complex picture emerges
by analysing SOD isoform patterns (Fig. 5C). The two phyco-
bionts showed the same three main groups of SOD bands,
seen as slow, intermediate and high migration rates. However,
whereas SOD activity in TR9 was approximately equally dis-
tributed among the three groups, in TR1 the contribution of
the intermediate bands to global activity was less (compare
TR1 and TR9 T0 lines in Fig. 5C). In addition, in TR1 cells
the relatively slight increase (10–45 %) in total SOD activity
induced by CuHP treatment (Fig. 5A) was almost completely
due to the slowly and highly mobile bands, but in TR9 cells

the increases were mainly accounted for by the intermediate
bands. Interestingly, the intermediate band group corresponds
to Cu–Zn-SOD isoform(s), probably located within the chloro-
plast (Supplementary Data, available online). Possible changes
in the steady-state level of HSP70 were analysed in TR1 and
TR9 cells exposed to oxidative stress through CuHP exposure.
As shown in Fig. 3, the initial level of HSP70 was slightly
lower in TR9 than in TR1. However, in TR1, HSP70 signifi-
cantly decreased with incubation time and CuHP concentration
while in TR9 oxidative treatment caused a strong increase in the
amounts of this defence protein.

DISCUSSION

The present study shows that isolated TR1 and TR9 R. farinacea
phycobionts respond differently to oxidative stress generated by
the ROS propagator CuHP. Compared with TR1, TR9 (Figs 2
and 3) seemed to possess an increased ability to preserve key
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chloroplast components, such as chlorophyll a, carotenoids and
D1 protein (a component of the PSII core complex). The effect
of CuHP on the algae was also analysed by modulated chloro-
phyll a fluorescence. This technique has been broadly used to
monitor lichen health and the effects of a broad range of stresses,
such as heavy metals (Branquinho et al., 1997), SO2 (Deltoro
et al., 1998), dehydration (Beckett et al., 2005; Gasulla et al.,
2009) and ozone (Calatayud et al., 2000), as it is non-invasive
and allows changes in photosynthetic activity to be detected
before the onset of other signs of injury. In general, photosyn-
thetic performance was severely impaired by oxidative stress in
TR1 and TR9, as indicated especially in the former by decreases
in maximal PSII photochemical efficiency (Fv/Fm) and the
quantum efficiency of PSII (FPSII), along with a higher pro-
portion of closed PSII centres (Fig. 4). The decline in Fv/Fm

could have been due to an increase in protective NPQ, to photo-
damage of the PSII centres or to both (Osmond, 1994). Our
results suggest that the lower Fv/Fm in CuHP-treated algae was
the result of severe stress at the PSII level, because NPQ was like-
wise adversely affected. Furthermore, the decrease of qP in the
CuHP-treated algae indicated that oxidative stress decreased
their capacity for reoxidizing QA during actinic illumination.
Consequently, CuHP may have increased the excitation pressure
on PSII, thus contributing to the closure of PSII reaction centres.
Closed PSII centres have fully reduced QA, eliminating the possi-
bility of electron transport to PSI and beyond (Seaton and Walker,
1990). In agreement with this finding, FPSII, which closely cor-
relates with the quantum yield of non-cyclic electron transport
(Genty et al., 1989), was clearly reduced by CuHP. However, it
should be noted that the impact of oxidative treatments was con-
sistently and significantly more severe in TR1 than in TR9. This
probably reflects the greater capacity of TR9 to preserve key
chloroplast components, which in turn enables it to maintain a
better photosynthetic performance under relatively strong oxi-
dative stress.

Under natural conditions, the chloroplast is a potent source
of ROS, levels of which may increase dramatically in response
to stresses involving temperature, irradiance and hydration
state (Weissman et al., 2005; Catalá et al., 2010). Therefore,
survival of the chloroplast and of the entire phycobiont will
depend, at least in part, on their capacity to modulate
steady-state levels of ROS. This regulation is complex and
still poorly understood in lichen algae, but probably involves
at least two important strategies: the prevention of excess
ROS formation by increasing mechanisms of light dissipation,
and ROS degradation and/or scavenging through the antioxi-
dant defence system. Accordingly, and with the aim of identi-
fying major metabolic distinctions that explain the differences
in the oxidative stress tolerance observed in the phosynthetic
machinery of TR1 and TR9, we determined the non-
photochemical energy dissipation associated with photosyn-
thetic electron transfer (NPQ) and the activity of the two
main antioxidant enzymes, SOD and GR. NPQ, as calculated
by a Stern–Volmer approach, is a useful measure of the allo-
cation of absorbed light to thermal energy dissipation (Logan
et al., 2007). In vascular plants it is assumed that NPQ affords
a protection system for the photosynthetic mechanism, through
the light-dependent formation of a proton gradient across the
thylakoid membrane activating the xanthophyll cycle
(Adams and Demmig-Adams, 2004). However, it is currently
assumed that the non-photochemical dissipation processes in
lichen photobionts differ from those in vascular plants
(Kopecky et al., 2005). Indeed, in homeohydric vascular
plants NPQ is dependent on light and quickly disappears
when it is dark (Müller et al., 2001; Szabó et al., 2005),
whereas energy dissipation in the lichen phycobiont
Trebouxia erici can continue after spending 24 h in darkness
and is independent of the xanthophylls cycle (Gasulla et al.,
2009). Whatever the metabolic basis of NPQ in lichen algae,
oxidative stress diminished NPQ in both phycobionts. TR1
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CuHP (µM):  0

3 h 6 h

500 1000100 500 1000100
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TR9
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FI G. 3. Changes in PSI, PSII and HSP70 proteins in TR1 and TR9 R. farinacea phycobionts exposed to oxidative stress. Liquid cultures of isolated TR1 or TR9
algae were subjected to oxidative stress through incubations with the ROS propagator CuHP at the indicated concentrations. At the indicated times, soluble and
membrane proteins were extracted and separated by differential centrifugation as described in Materials and methods. PSI (PsaC) and PSII (D1) proteins encoded
by psaC and psbA genes, respectively, were immunodetected by Western blotting of the membrane protein fraction and HSP70 by Western blotting of the soluble

protein fraction.
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seemed to be more sensitive than TR9 to CuHP treatments, as
evidenced by a greater decrease in NPQ. In addition to non-
photochemical energy dissipation, enzymatic and
non-enzymatic antioxidants offer protection against the oxi-
dative stress resulting from the increases in ROS that occur
in response to diverse environmental stresses (Minibayeva
and Beckett, 2001; Weissman et al., 2005; Kosugi et al.,
2009). Antioxidant mechanisms common in vascular plants
have been analysed in lichens, such as SOD (Weissman
et al., 2005), peroxidases (Silberstein et al., 1996; Kranner
et al., 2005), enzymes of the ascorbate–glutathione cycle
(Kranner, 2002; Kranner et al., 2005) and
low-molecular-weight antioxidants (Deltoro et al., 1998;
Kranner, 2002; Kranner et al., 2005). In a study of atmospheric
pollutants on photosynthetic performance of Parmelia quer-
cina, Calatayud et al. (1999) reported that ascorbate feeding
decreased photon excess in thalli from polluted sites owing
to the stimulation of linear electron flow and non-radiative
energy dissipation. However, it has not yet been possible to
establish a clear relationship between the different levels of
stress tolerance exhibited by most lichens and antioxidant
mechanisms. Some of the conflicting results reported in the lit-
erature could be due to the fact that spectrophotometric assays
of most antioxidant enzymes in crude extracts only yield an
approximate ‘average’ cellular activity as most of these
enzymes are expressed as different isoforms associated with
different cellular compartments. Therefore, in our study SOD
and GR activities were determined by spectrophotometric
assay of crude extracts as well as by zymogram analysis.
This approach confirmed the different abilities of the two phy-
cobionts to modulate their antioxidant enzymes in response to
oxidative stress (Fig. 5). In TR1, CuHP treatments significantly
diminished GR protein levels and enzymatic activity and only
slightly increased overall SOD activity without detectable
changes in the activity of its different isozymes.
Contrastingly, in TR9 the levels of GR and the activity of
the putative chloroplast SOD isozyme increased in response
to CuHP treatment.

As noted in the Introduction, R. farinacea has a highly
specific and selective pattern of symbiotic association in
which a single mycobiont associates with the same two
Trebouxia phycobionts (TR1 and TR9) in all analysed popu-
lations, independent of this lichen’s geographical location
(del Campo et al., 2010; L. M. Casano et al., unpubl. res.).
Additionally, an initial physiological characterization of TR1
and TR9 algae suggested a better physiological performance
of TR9 under relatively high temperature and irradiances
while TR1 seems to prefer more temperate and shaded con-
ditions. Interestingly, TR1 predominates in R. farinacea popu-
lations from the Iberian Peninsula and California, whereas
TR9 is more abundant in Canary Islands populations located
at high altitudes (L. M. Casano et al., unpubl. res.), which
are exposed to relatively harsher environmental conditions.
Based on the results of the present study, we propose that
the relative abundance of each phycobiont in each thallus
might vary among different populations as a consequence of
different environmental conditions along with different phys-
iological capacities of the two algal species, similar to the
‘symbiont shuffling’ described in reef corals (Goulet, 2006).
Studies on the latter suggested that the thermal tolerance of
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zooxanthellae relies on the stability of thylakoid membranes.
The more stable the thylakoid membranes, the less vulnerable
host tissues are to attack by ROS (Berkelmans and van Oppen,
2006). In the present study, comparative analysis of the
responses of TR1 and TR9 phycobionts to CuHP with
respect to key chloroplast constituents and photosynthetic

traits suggests a better physiological performance of TR9
under oxidative conditions. This higher stress tolerance could
be the consequence of a higher capacity to undertake key
metabolic adjustments, including increased non-
photochemical quenching, higher antioxidant protection and
induced repair mechanisms.
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aration by ND-PAGE and activity staining.
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SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford
journals.org and show blots of Cu–Zn- and Fe-SOD isoforms in
phycobionts of R. farinacea.
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