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Lichens are slow-growing associations of fungi and unicellular green algae or cyanobacteria. They are
poikilohydric organisms whose lifestyle in many cases consists of alternating periods of desiccation, with low
metabolic activity, and hydration, which induces increase in their metabolism. Lichens have apparently
adapted to such extreme transitions between desiccation and rehydration, but the mechanisms that govern
these adaptations are still poorly understood. In this study, the effect of rehydration on the production of
reactive oxygen species and nitric oxide as well as low-molecular-weight antioxidants was investigated with the
lichen Ramalina lacera. Rehydration of R. lacera resulted in the initiation of and a rapid increase in photo-
synthetic activity. Recovery of photosynthesis was accompanied by bursts of intracellular production of reactive
oxygen species and nitric oxide. Laser-scanning confocal microscopy using dichlorofluorescein fluorescence
revealed that formation of reactive oxygen species following rehydration was associated with both symbiotic
partners of the lichen. The rate and extent of reactive oxygen species production were similar in the light and
in the dark, suggesting a minor contribution of photosynthesis. Diaminofluorescein fluorescence, indicating
nitric oxide formation, was detected only in fungal hyphae. Activities associated with rehydration did not have
a deleterious effect on membrane integrity as assessed by measurement of electrolyte leakage, but water-soluble

low-molecular-weight antioxidants decreased significantly.

Lichens are slow-growing associations of fungi (mycobionts)
and photosynthetic partners (photobionts) that may be unicel-
lular green algae or cyanobacteria. They occupy a vast range of
habitats and substrates and produce unique biochemical com-
pounds that have made them useful to humans as food, dyes,
medicines, fine perfumes, and poisons (51). In addition, many
lichen species are sensitive to air pollution, and this feature,
along with their capability to accumulate mineral elements far
above their need, makes them ideal bioindicators and biomoni-
tors of air pollution (see, e.g., references 7, 19, and 52).

Metabolic activation of molecular oxygen frequently results
in production of reactive oxygen species (ROS) (25). ROS are
formed by normal metabolic activities such as respiration and
photosynthesis, but their production is enhanced during
stresses such as nutrient limitation, exposure to xenobiotics, or
desiccation and rehydration. To evade the potential damaging
effects of ROS, cells have evolved protection mechanisms, in-
cluding antioxidant enzymes, such as superoxide dismutase and
catalase, as well as low-molecular-weight antioxidants, such as
glutathione, ascorbic acid, tocopherol, and carotenoids (25).

Nitric oxide (NO) is an intra- and intercellular signaling
molecule involved in the regulation of diverse biochemical and
physiological processes. In algae NO formation was reported
to be involved in phototaxis (39) and stress responses (10, 41),
and in fungi it is related to processes such as growth (40, 63)
and formation of fruiting bodies (59).
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Lichens are poikilohydric organisms, many of which spend
most of their life in a dry, metabolically inactive state and are
able to survive for prolonged periods when their thallus water
content (WC) is at or below 10% of their dry weight (4, 53). In
most organisms, desiccation is associated with production of
ROS and associated deleterious effects (46). However, cycles
of desiccation and rehydration are part of the natural life of
many lichens, and apparently these organisms have adapted to
cope with such changes. Desiccation stress in lichens imposed
by exposure to dry air or to an osmotic stress shows features
similar to reversible photoinhibition (9, 22). It is accompanied
by total inactivation of photosynthetic gas exchange and loss of
variable chlorophyll fluorescence (35, 55). Rewetting of the
thalli with liquid water normally restores photosynthetic activ-
ity within minutes (12, 38). Moreover, many studies have
shown that green algal lichens are able to regain photosyn-
thetic activity by uptake of water from humid air (reviewed in
reference 36). Most studies on desiccation and rehydration of
lichens focused on photosynthetic activity and respiration (see,
e.g., references 12 and 38), but there are only few reports on
the involvement of ROS and antioxidant response in these
organisms (3, 7, 13, 27-31, 43, 44, 58). Such studies are inter-
esting in relation to the mechanism that governs the special
adaptation of lichens to survive under extreme water condi-
tions. Moreover, advancing our understanding of cellular
changes that take place upon changes in the WC of the thalli
is important, since application of desiccation and rehydration
is a common practice in lichen research, as studies of their
physiology and biochemistry have to be done, in many cases,
when they are metabolically active in the hydrated state (13,
58).
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There are some studies in which cellular levels of antioxi-
dants were compared in freshly collected lichens and during
wetting and drying cycles of lichens normally growing in moist,
xeric, and extremely xeric microhabitats (8, 9, 28, 31, 43). The
glutathione status was shown to vary between species differing
in their desiccation tolerance in response to desiccation or
rehydration, and the xanthophyll cycle was found to play an
antioxidant function during desiccation of lichens (8, 9, 28, 29,
31). Cellular activities of the antioxidant enzymes ascorbate
peroxidase, catalase, and superoxide dismutase as well as the
auxiliary enzymes glutathione reductase and glucose-6-phos-
phate dehydrogenase were shown to increase, decrease, or
remain unchanged in response to desiccation and rehydration,
depending on the species and the experimental conditions.

Ramalina lacera (With.) J. R. Laund. is a moderately xeric
epiphytic fruticose (shrub-like) lichen that grows in the Med-
iterranean areas of Israel on different shrubs and trees. Its
thallus contains an ascomycetous fungus and a trebouxioid
unicellular green alga. In its natural habitat it may encounter
long days of desiccation and be rehydrated by dew during the
night or by rain during the rainy season. This lichen has been
used extensively in our laboratory in ecophysiological studies
on the effect of air pollution on lichens (see, e.g., references 17
and 18).

The objective of this work was to study the effects of rehy-
dration under controlled conditions on ROS-related parame-
ters in naturally desiccated R. lacera. We hypothesized that the
rapid initiation of metabolic activities as a result of rehydration
is accompanied by production of ROS and consequently by
alterations in the antioxidant status of the thallus. We showed
that rehydration of R. lacera resulted in a rapid increase in
photosynthesis. It was accompanied by a burst of intracellular
production of ROS by both the photobiont and mycobiont,
which was similar in the light and in the dark, as well as by
alterations in low-molecular-weight antioxidant capacity. Re-
hydration of R. lacera was also accompanied by a burst of
intracellular NO production in the fungal hyphae but not in the
algae.

MATERIALS AND METHODS

Chemicals. Phenylmethylsulfonyl fluoride, Triton X-100, Trizma base, leupep-
tin, 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), potassium per-
sulfate, 2',7'-dichlorofluorescein (DCF), 2’,7'-dichlorohydrofluorescin diacetate
(DCFH-DA), pyrrolidinedithiocarbamate (PDTC), and 2-(4-carboxyphenyl)-
4,4,5,5-tetramethyl-imidazoline-1-oxyl-3-oxide potassium salt (carboxy-PTIO)
were purchased from Sigma (St. Louis, Mo.). 6-Hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic acid (Trolox) was purchased from Aldrich (Steinheim,
Germany). 4,5-Diaminofluorescein diacetate (DAF-2DA) and 4,5-diaminofluo-
rescein (DAF-2T) were purchased from Alexis Biochemicals (Montreal, Can-
ada).

Source and treatment of lichen material. R. lacera was collected from the
HaZorea forest (Ramot Menashe, northeast Israel), where it grows on twigs of
carob trees (Ceratonia siliqua L.), and was frozen promptly in liquid nitrogen and
stored at —80°C. In control experiments we compared all of the parameters
tested in this work by running the experiments with freshly collected thalli as well
as frozen thalli that were collected at the same time, and we found no effect of
freezing (not shown). Prior to the experiments, lichen samples were weighed and
defrosted for 30 min at room temperature. The lichen samples were immersed in
deionized water for 5 min, wiped to remove excess water, and placed inside a
growth chamber (25°C, 97% relative humidity [RH], 73 wmol of photons m~?
s~ 1) for various periods of time. At the end of each treatment, the lichen samples
were frozen promptly in liquid nitrogen and stored at —80°C. To maintain high
relative humidity inside the growth chamber, ambient air (55% RH, 23°C) was
passed through the chamber at a constant rate of 1,063 ml min~! over distilled
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water. This air stream also served to maintain a constant temperature and fresh
atmosphere inside the growth chamber and to prevent water condensation on its
inner walls and glass cover.

Determination of WC in lichen thalli. The WC in the lichen thalli was deter-
mined by weighing four lichen samples (~1 g) from each treatment and sub-
tracting their dry weights, which were obtained by drying at 95°C overnight.
Water content was expressed in percent as a difference between wet and dry
weight relative to dry weight (36, 38).

A t of photosynthesis. Photosynthesis was assessed by chlorophyll
fluorescence measurements with a pulse-modulated fluorescence meter (Diving
PAM; Walz, Effeltrich, Germany). The lichens were rehydrated by immersion in
distilled water for 5 min. Subsequently, the thalli were wiped, fixed onto “light
leaf” clips, and placed inside the growth chamber (light intensity of 73 wmol of
photons m~? s™1). A flash of white light (12,000 wmol of photons m~? s~ ') was
administered every 5 min through an optical fiber at a 45° angle relative to the
thallus surface. The apparent electron transport rate (ETR) through photosys-
tem IT (PSIT) was calculated as the effective quantum yield of PSII in the light
(AF/Fm") multiplied by the incident irradiance in units of PAR; (quantum flux
density of photosynthetically active radiation [micromoles of photons meter 2
second™']) (20, 54), with the assumption that irradiance is fully absorbed by the
thalli, where AF is the fluorescence yield reached during the saturation pulse
(Fm'") minus the fluorescence yield shortly before triggering of the saturation
pulse (F)).

Assessment of in vivo ROS and NO production. In vivo ROS and NO pro-
duction in the lichen thalli was estimated by using the probe DCFH-DA (11) and
fluorophore 4,5-diaminofluorescin diacetate DAF-2DA (26), respectively, by
imaging with a laser-scanning confocal microscope and, quantitatively, by esti-
mating fluorescence in crude extracts. DCFH-DA is a nonpolar, nonfluorescent
compound that readily diffuses across membranes. Within the cell, it is hydro-
lyzed by esterases to the polar, nonfluorescent, membrane-impermeable deriva-
tive DCFH. DCFH is rapidly oxidized by ROS to the highly fluorescent DCF (2).
DAF-2DA is a nonfluorescent compound that can permeate readily into the
cells, where it is hydrolyzed by intracellular esterases to generate DAF-2, which
interacts with NO to form the fluorescent triazole derivative DAF-2T.

(i) Laser-scanning confocal microscopy. A laser-scanning confocal microscope
(LSM 5105 Carl Zeiss, Jena, Germany) with an air-cooled, argon-ion laser as the
excitation source at 488 nm was used to view the sites of ROS and NO produc-
tion. For assessment of ROS, samples of 0.5 g of thalli were immersed in 20 ml
of 10 uM DCFH-DA in water for 5 min, wiped to remove excess solution, and
placed inside the growth chamber (25°C, 97% RH, 73 pmol of photons m s ').
At the end of the incubation period, the thalli were rinsed briefly with deionized
water to remove any solution from the surface of the thalli, wiped to remove
excess water, and frozen promptly in liquid nitrogen. Samples treated with water
alone served as controls. Images were obtained with a C-Apochromat 40X/1.2W
objective lens. The beam splitter was set at 570 nm. DCF was detected in the
green channel through a 505- to 550-nm band-pass filter. Chlorophyll was de-
tected in the red channel through a 585-nm long-pass filter. The laser intensity
was identical for all experiments and was set at 5%. Data were collected by a
computer attached to the instrument, stored on the hard drive, processed with a
Zeiss LSM Image Browser, and transferred to Adobe Photoshop 5.0 for prepa-
ration of figures. For in vivo imaging of NO formation in R. lacera, 1-cm? thallus
pieces were placed on microscope slides. One hundred microliters of 10 uM
DAF-2DA in deionized water was applied to the thallus fragments. Using the
parameters mentioned above for DCF, consecutive images of a specific area on
each sample were obtained immediately after application of DAF-2DA and
every 3 min, for a total of 30 min.

(ii) Quantitative fluorescence measurements. The kinetics of intracellular
formation of ROS and NO, using fluorescence of DCF and DAF-2T, was mon-
itored in rehydrated lichens. Samples of 0.5 or 0.1 g of thalli were immersed for
5 min in 20 ml of 10 uM DCFH-DA or DAF-2DA in water, respectively; wiped
to remove excess solution; and placed inside the growth chamber in light or
darkness. At the end of the incubation period, the thalli were rinsed briefly with
deionized water to remove any solution from their surfaces, wiped to remove
excess water, and frozen promptly in liquid nitrogen. Samples treated with water
alone served as controls. Each sample was ground with liquid nitrogen by using
a mortar and pestle and suspended in 2.5 ml of 40 mM Tris (pH 6.8) containing
0.1% Triton X-100. The slurry was passed twice through a French pressure cell
and centrifuged at 3000 X g at 4°C for 30 min, and the resulting supernatant was
centrifuged at 226,000 X g at 4°C for 1 h. Fluorescence in the latter supernatant
was measured at an excitation wavelength of 485 nm and an emission wavelength
of 530 nm (FL500 microplate fluorescence reader; Bio-Tek Instruments, Wi-
nooski, Vt.). Fluorescence levels were corrected by subtracting the fluorescence
of untreated lichen extracts and quantified by using a standard curve prepared
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with DCF or DAF-2T diluted in the same buffer as the samples. Fluorescence of
DCF was linear in the range of 0 to 5 wM, and fluorescence of DAF-2T was
linear up to 100 nM, and the detected fluorescence in our samples was within this
range.

Assessment of the integrity of cell membranes. Impairment of membrane
integrity was used as an index of cellular damage. It was assessed by immersing
the thalli in water and measuring the electrical conductivity, which expresses
electrolyte leakage (17, 48). Thalli were rinsed briefly with double-distilled water
at a temperature of 20°C to eliminate dust, leaf debris, insects, etc., and allowed
to dry at room temperature. Photosynthesis was not induced due to this brief
rinsing. Samples of 1 g were immersed in a beaker containing 100 ml of double-
distilled water stirred with magnetic stirrer. A nylon mesh was placed inside the
beaker in order to separate one part containing the thalli and a second part in
which conductivity was measured. To avoid physical damage to the thalli due to
stirring that could result in release of intracellular ions into the water, the stirrer
was placed inside the beaker with avoidance of any direct contact with the thalli
during the experiment. The electrical conductivity of the water was measured
every 2 min for a period of 30 min with an electrical conductivity meter (TH-
2400; El-Hamma Instruments, Mevo Hamma, Israel). Electrical conductivity
values were corrected by subtracting the values for water alone.

Preparation of cell extracts and t of water-soluble low-
weight antioxidants. For assessment of water-soluble low-molecular-weight an-
tioxidants, thalli were ground with liquid nitrogen by using a mortar and pestle
and suspended in 0.1 M sodium phosphate buffer (pH 7.4) containing 150 mM
NaCl, 1 mM phenylmethylsulfonyl fluoride, 1 pg of leupeptin ml~!, 1.5 mM
EDTA, and 0.1% Triton X-100. The slurry was passed twice through a French
pressure cell and centrifuged at 226,000 X g at 4°C for 1 h, and the supernatant
was collected, frozen promptly in liquid nitrogen, and stored at —80°C. The
protein concentration was determined by Bradford’s method (5) with bovine
serum albumin as a standard. Total water-soluble low-molecular-weight antioxi-
dants were assessed by the Trolox equivalent antioxidant capacity (TEAC) assay
with ABTS (50), and TEAC values were normalized to protein.

Statistical analysis. The results were evaluated with SPSS software version 10.
One-way analysis of variance (ANOVA) and Tukey honestly significantly differ-
ent (HSD) tests were applied to determine the significance (P < 0.05) of the
differences between the treatments.

lecular-

RESULTS

To monitor the resuscitation of R. lacera under our experi-
mental conditions of rehydration and to adjust the conditions
inside the growth chamber in order to set up the experimental
design, we monitored the changes in photosynthetic activity
and WC in lichen thalli. Dry thalli did not exhibit photosyn-
thetic activity, as assessed by measurement of apparent ETR,
whereas rehydration of the thalli and incubation at 97% rela-
tive humidity resulted in a rapid increase in this activity that
reached a peak within a few minutes and subsequently started
to decline slowly (Fig. 1). The apparent ETR reached 49 pmol
of electrons m ™2 s~ ! after 5 min of immersion in water, which
was 96% of its maximum value. This activity increased to its
highest value during the following 35 min and then declined
slowly, reaching a value of 38 pmol of electrons m—* s~ * after
8 h. These changes in photosynthetic activity followed a pat-
tern similar to that of the WC of the thalli (Fig. 1). At the
termination of 5 min of immersion in water, the WC of the
thalli increased from 11% in the dry state to 237% (P < 0.001),
and it retained this value up to 60 min after immersion. Sub-
sequently it started to decline, reaching 65% at the end of the
experiment. Photosynthesis increased concurrently with an in-
crease in WC of the thalli up to a WC of 90 to 100%, and it
remained at the same value up to a WC of 237% (not shown).
Based on these results as well as additional experiments con-
ducted with different immersion times, incubation times, and
RH conditions in the growth chamber (not shown), we have
found that 5 min of immersion followed by 8 h of incubation at
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FIG. 1. Effective quantum yield of PSII expressed as apparent
(App.) ETR and WC in untreated and rehydrated R. lacera placed in
the growth chamber. Lichen samples were immersed in deionized
water for 5 min., wiped to remove excess water, and placed inside a
growth chamber (25°C, 97% RH, 73 pmol of photons m~* s~ ). Mea-
surements were taken every 5 min with a pulse amplitude modulation
fluorometer. Results for the apparent ETR are expressed as the means
from four independent experiments. Results for WC are expressed as
means * standard deviations (n = 4). The values for treatments
indicated by different letters differ significantly by one-way ANOVA
and the Tukey HSD test (P < 0.001; F ratio = 139.063).

97% RH were the optimal experimental conditions that re-
sulted in the highest photosynthetic activity which lasted the
longest.

ROS were produced intracellularly upon rehydration, by
both the fungi and the algae, as was visualized by laser-scan-
ning confocal microscopy with the probe DCFH-DA (11) (Fig.
2). DCF fluorescence was detected inside algal cells at the end
of 5 min of rehydration (Fig. 2I) and increased in intensity as
seen at the end of 2 h incubation in the growth chamber (Fig.
21II). High-intensity DCF fluorescence was also detected inside
fungal hyphae surrounding algal cells (Fig. 2II) or indepen-
dently of their presence, as seen in an image of the lichen’s
cortex, where no algal cells are present (Fig. 2III).

ROS production was assessed quantitatively by using the
probe DCFH-DA. ROS production was found to have an ap-
pearance of an oxidative burst that was similar in the light and
in the dark (Fig. 3). It reached 34% of the maximum accumu-
lated levels of 2.87 and 2.95 wmol of DCF/g (fresh weight) in
the light and in the dark, respectively, at the end of 5 min of
immersion in water and reached 50% within 15 min. (P <
0.001) (Fig. 3), but the rate declined continuously until the end
of the experiment (Fig. 4). The DCF formation rate at the end
of 15 min and 1 h of incubation in the growth chamber declined
to 28 to 31% and 4.5 to 5.7% of the rate at the end of 5 min of
rehydration, respectively, and reached less than 1% of that rate
at the end of 4 h. Addition of a 10 uM concentration of the
antioxidant PDTC (24) to the double-distilled water during
rehydration resulted in lower (65%) fluorescence of DCF (not
shown), indicating that this reaction was due to interaction
with ROS.

Rehydration of the thalli resulted in intracellular production
of nitric oxide (NO), as visualized with the NO-sensitive flu-
orophore DAF-2DA (27) Using laser-scanning confocal mi-
croscopy, NO was detected in the fungal hyphae but not in the
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FIG. 2. Laser-scanning confocal microscopy images of R. lacera
rehydrated for 5 min in the presence of DCFH-DA and incubated in
the growth chamber. Samples of 0.5 g of thalli were immersed in 20 ml
of 10 uM DCFH-DA in water for 5 min, and placed in the growth
chamber (25°C, 97% RH) in light (73 pumol of photons m “2sh.
(A) Red channel, showing chlorophyll fluorescence in chloroplasts of
the algal cells; (B) green channel, showing DCF fluorescence; (C) nat-
ural image; (D) A, B, and C combined. Bars, 10 pm. (I) DCF fluo-
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FIG. 3. Relative fluorescence of DCF in crude extracts of un-
treated and rehydrated R. lacera. Samples of 0.5 g of thalli were
immersed in 20 ml of 10 uM DCFH-DA in water for 5 min and placed
in the growth chamber (25°C, 97% RH) in light (73 wmol of photons

m 2 s ') (A) or darkness (B). Results are expressed as means *

standard deviations (n = 4). The values for treatments indicated by
different letters differ significantly by one-way ANOVA and the Tukey
HSD test. (A) P < 0.001; F ratio = 15.505. (B) P < 0.001; F ratio =
17.536.

algal cells (Fig. 5). Quantitative estimation of NO production
with the same probe showed that NO production lasted at least
2 h and reached an accumulated level of 842 nmol of DAF-
2T/g (fresh weight) (Fig. 6). Addition of 150 wM carboxy-
PTIO, a scavenger of nitric oxide (14, 16), to the double-
distilled water during rehydration resulted in lower (68%)
fluorescence of DAF-2T (not shown), indicating that fluores-
cence of DAF-2T is specific for NO and is not a general
response to free radicals.

To check whether rehydration of the lichen thalli resulted in
membrane damage, we assayed electrolyte leakage. Figure 7

rescence within algal cells after 15 min in the growth chamber. (II)
High-level DCF fluorescence within algal cells and fungal hyphae after
2 h in the growth chamber. (III) DCF fluorescence after 2 h in the
growth chamber within a network of cortical fungal hyphae, where no
algal cells are present.
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FIG. 4. Calculated rates of DCF formation in rehydrated R. lacera.
Samples of 0.5 g of thalli were immersed in 20 ml of 10 pM DCFH-DA
in water for 5 min and placed in the growth chamber (25°C, 97% RH)
in light (73 pmol of photons m~2 s™!) or dark. Results are expressed
as means of four repeats. ADFC was normalized to the fresh weight of
the sample.
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shows that immersing the lichen in water resulted in a high
initial rate of increase in the electrical conductivity, reaching
43% of the apparent maximal electrical conductivity value af-
ter 2 min, and a subsequent lower rate, reaching 56, 76, and
90% of the maximal value after 4, 10, and 20 min, respectively
(P < 0.001). The rate decreased gradually until the end of this
experiment after 30 min. To check whether this damage was
due to ROS produced during rehydration, we added the anti-
oxidant PDTC. The addition of 10 puM PDTC, which was
found to inhibit ROS formation by 35%, did not affect elec-
trical conductivity values (Fig. 7).

Rehydration of R. lacera resulted in a decrease in the water-
soluble low-molecular-weight antioxidant capacity of the thalli,
as estimated by the TEAC method (Fig. 8) (50). It decreased
18 and 24% (P = 0.004) compared with the dry-state values
within, respectively, 5 and 15 min of rehydration. TEAC values
remained at this low level up to the end of the experiment at
8 h.

DISCUSSION

In this paper we present findings on the effects of rehydra-
tion on the lichen R. lacera. We showed that treatment with

FIG. 5. In vivo imaging of the kinetics of nitric oxide production in R. lacera upon rehydration, using the fluorescent probe DAF-2DA in
conjunction with laser-scanning confocal microscopy. Red channel, chlorophyll fluorescence in chloroplasts of the algal cells; green channel,
DAF-2T fluorescence. Thallus pieces (1 cm?) were placed on microscope slides. One hundred microliters of 10 wM DAF-2DA in deionized water
was applied to the thallus fragments. Scale: 1 cm = 55 pm. DAF-2T fluorescence is localized within fungal hyphae.
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water of thalli that were collected from their natural habitat in
a dry state and their maintenance at 97% RH caused a rapid
increase in photosynthesis. This was accompanied by a burst of
intracellular production of ROS by both symbionts, the forma-
tion of nitric oxide by the fungus, and a decrease in water-
soluble low-molecular-weight antioxidants. These potential
deleterious activities did not cause measurable membrane
damage.

There are various reports in the literature on the effects of
rehydration on lichens. Most of these studies reported changes
in photosynthetic activity and respiration (see, e.g., references
12 and 38), while only few publications dealt with ROS-related
parameters (3, 7, 13, 27-31, 43, 44, 58). Furthermore, in our
experiments we used thalli in their naturally dried state, while
in other studies the thalli were pretreated by at least one cycle
of exposure to liquid water or water vapor, which was preceded
or followed by desiccation, prior to the actual experiment.
Based on findings by others and those reported here, baseline
values of the various parameters may have been altered by
these pretreatments, which may have affected the results and
the conclusions.

Measurement of chlorophyll fluorescence is a convenient
tool for estimation of photosynthetic activity (32). It allows
analysis of the status of the photosynthetic apparatus of lichens
in situ (36) and was previously used to assess the vitality of
lichens (17, 18). In the present study, we used this technique to
monitor resuscitation of R. lacera upon rehydration, in order to
obtain a time course for the metabolic changes that take place
during rehydration. We showed that rehydration of R. lacera
and incubation at 97% RH resulted in a fast resumption of
photosynthetic activity, reaching 96% of the maximal apparent
ETR values within 5 min, with complete induction after 40
min. The kinetics of this response is similar to that found for
other lichens that contain Trebouxia photobionts, such as Ce-
traria islandica (47) and Hypogymnia physodes (23), suggesting
that the time scale for resuscitation of 10 to 40 min is common
among this type of lichen. We also found that the levels of
apparent ETR in R. lacera following rehydration increased
with increasing WC up to 100%, and there was no further
increase at WCs of up to 237%. The water content of lichens,
as well as photosynthesis as a function of WC, varies greatly
between species and depends on the experimental conditions.
In some lichen species, maximum values of chlorophyll fluo-
rescence may show little change at a WC of above 56% (62).
However, in general, net photosynthesis in lichens increases
with increasing WC, until maximal rates are reached, followed
by no further change (21, 34, 37, 61) or by a depression (21, 37)
with additional increase of the WC. These variations may be
related to the morphology of the lichens, which is determined
by the nature of the symbionts.

We found that rehydration of R. lacera resulted in intracel-
lular production of ROS, the rate of which was significant in
the first 30 min and then declined to a very low level. This
activity was similar in the light and in the dark, suggesting a
minor contribution of photosynthetic processes to the total
production of these oxygen metabolites. It was shown (60) that
when dry lichen thalli are rehydrated, three distinct stages are
apparent: a large and rapid nonmetabolic release of CO,,
which lasts for a few minutes, followed by high rate of “resatu-
ration respiration,” which gradually declines to a constant

APPL. ENVIRON. MICROBIOL.

1000
900
800
700 4
600
500
400
300
200

] —_— .

100 A

0 15 120

DAF-2 T (nmol gr'")

Time (min)

FIG. 6. Relative fluorescence of DAF-2T in crude extracts of un-
treated and rehydrated R. lacera. Samples of 0.5 g of thalli were
immersed in 20 ml of 10 uM DAF-2DA in water for 5 min and placed
in the growth chamber (25°C, 97% RH) in light (73 pmol of photons
m %5 ). Results are expressed as means *+ standard deviations (n =
4). DAF-2T was normalized to the fresh weight of the sample.

steady-state rate. The duration and amplitude of these activi-
ties vary among species. In species that, like R. lacera, contain
Trebouxia sp. photobionts (C. islandica, H. physodes, Lasallia
pustulata, and Platismatia glauca) the initial respiration rate
was always 1.5 to 3 times higher than that in the final steady
state that was reached within 3 to 7 h after immersion in water
(60). It was proposed that the initially high respiration rate is
the result of uncoupling of the mitochondrial electron trans-
port chain or of a burst in respirable substrates related to
drought damage of membranes. We propose that ROS are
generated in R. lacera as a result of these transient imbalanced
cellular activities during resuscitation. This “rearrangement” in
metabolism may result in uncontrolled dehydrogenation of
substrates, leading to excessive production of reducing equiv-
alents. Some of these reduced molecules may react with mo-
lecular oxygen, giving rise to ROS by auto-oxidation or via the
uncoupled mitochondrial electron transport chain. Our find-
ings on the initial kinetics of resumption of photosynthesis and
ROS production in R. lacera suggest a cause-and-effect rela-
tionship between these activities. The onset of photosynthesis
induces metabolic activities (12, 47), which supply reduced
substrates for both partners of the lichen symbiosis, and oxi-
dation of these substrates is the source of ROS. After photo-
synthesis reaches steady-state rates, cellular metabolism stabi-
lizes and ROS production declines to that of normal metabolic
activity. Our finding that light did not enhance ROS produc-
tion may be explained simply by the fact that algal cells com-
prise only 10 to 20% of the thalli. However, it is also possible
that reducing equivalents generated by photosynthetic electron
transport are utilized by the chloroplasts for carbon fixation
before they interact with O,.

To the best of our knowledge, there are only two previous
publications on production of ROS upon rehydration of li-
chens (3, 44). Minibayeva and Beckett (44) reported that some
lichen species in the suborder Peltigerineae, but not others,
such as members of the genus Ramalina, responded to rehy-
dration in the light by producing a burst of extracellular su-
peroxide. They proposed that it functions in defense against
pathogenic fungi and bacteria (3, 44). At this stage we cannot
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FIG. 7. Electrolyte leakage from rehydrated R. lacera measured as
the electrical conductivity (mSm™") of double-distilled water with or

without 10 uM PDTC, in which lichen samples were immersed. Re-
sults are expressed as means *+ standard deviations (n = 3).

rule out extracellular production of ROS by R. lacera, because
in our experimental system we used the probe DCFH-DA,
which does not interact with ROS unless the diacetate group is
removed, which requires the enzymatic action of an esterase.
Since, as far as we know, there are no extracellular esterases in
lichens, this probe cannot be used for extracellular detection of
ROS. A major obstacle in lichen research at the biochemical
and molecular levels is the ability to distinguish between the
fungus and the alga. Although there are a few techniques for
cultivation of free-living symbionts, the separated fungi and the
algae were shown to differ significantly from their lichenized
counterparts in morphology, reproductive strategies, cellular
and subcellular structures, cytochemical properties, secondary
metabolites, and phenolics and fatty acids (6, 15, 45). Thus, the
ideal experimental system should enable investigation of each
of the symbionts while in the lichenized state. Such experimen-
tal systems may involve noninvasive techniques, for example,
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FIG. 8. TEAC values of total water-soluble low-molecular-weight
antioxidants in untreated and rehydrated R. lacera. Lichen samples
were immersed in deionized water for 5 min., wiped to remove excess
water, and placed inside a growth chamber (25°C, 97% RH, 73 umol
of photons m~? s~ ) for the indicated durations. Results are expressed
as means = standard deviations (n = 4) and normalized to protein.
The values for treatments indicated by different letters differ signifi-
cantly by one-way ANOVA and the Tukey HSD test (P = 0.004; F
ratio = 6.196).

REACTIVE OXYGEN SPECIES AND REHYDRATION IN A LICHEN 2127

the use of fluorescent probes in conjunction with confocal
microscopy. Unlike in other studies, by using the confocal
microscope, we were able to show both the organismal and the
cellular origins of ROS in a lichen.

We showed that rehydration of R. lacera caused a burst of
NO production that was detected only in the fungal hyphae.
NO, which was detected in most eukaryotes, exhibits multiple
physiological functions, mainly in signal transduction and reg-
ulatory pathways (33), but to the best of our knowledge this is
the first report on NO production by a lichen. In “free-living”
fungi, the involvement of NO was related to processes such as
growth (40, 63) and formation of fruiting bodies (59). In R.
lacera, NO may serve similar functions or similar regulatory
roles.

In this study we assessed electrolyte leakage from the thalli
as an estimation of membrane damage (17, 48) due to the
action of ROS. We found significant electrolyte leakage upon
rehydration, but 35% inhibition of ROS formation in the pres-
ence of an antioxidant did not change its rate or extent. This
suggests that the transient production of ROS did not inflict
apparent membrane damage, which may reflect a protection
mechanism that enables this lichen to survive continuous cycles
of desiccation and rehydration. The high initial rate of elec-
trolyte leakage can be the result of membrane damage that
occurred during desiccation prior to rehydration, while the
later slow release of electrolytes may be due to the simple
effect of immersion and hypo-osmotic shock induced by deion-
ized water (1). There are some studies with higher plants and
with mosses that documented increased membrane permeabil-
ity due to water deficit conditions in conjunction with an in-
crease in ROS production (42, 49, 56). Alternatively, our find-
ings may also indicate that the 65% of the ROS that escaped
inhibition by the antioxidant were enough to cause transient
membrane damage. To the best of our knowledge, there are no
reports in the literature on the possible damaging effects of
rehydration on lichen membranes.

Rehydration of R. lacera caused a fast decrease in water-
soluble, low-molecular-weight antioxidants. This suggests that
in desiccated thalli their concentration was high relative to that
in the rehydrated state and that it decreased due to production
of ROS upon rehydration, as indicated by the correlation be-
tween the kinetics of ROS production and the decrease in
antioxidant capacity. Previous studies with lichens and resur-
rection plants focused on glutathione and ascorbic acid as the
major water-soluble low-molecular-weight antioxidants. Those
studies showed that both glutathione and ascorbic acid in-
creased, decreased, or did not change, depending on the des-
iccation tolerance of the organism as well as the mode and
duration of the treatment. For example, desiccation of the
lichens Pseudevernia furfuracea, Lobaria pulmonaria, and Pelti-
gera polydactyla, which differ in their desiccation tolerances,
caused a decrease in reduced glutathione (GSH) and an in-
crease in oxidized glutathione, which according to the authors
was probably due to the oxidation of GSH by ROS generated
during desiccation (30). Following long-term desiccation of P.
furfuracea, a desiccation-tolerant lichen, GSH increased rap-
idly when the lichen was rehydrated in liquid water or water
vapor. L. pulmonaria, an intermediate desiccation-tolerant li-
chen, regenerated initial concentrations of GSH only when
rehydrated in liquid water, while in P. polydactyla, neither
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method of rehydration reestablished the initial GSH pool (27).
In our system, similar to the case for other lichens (27-31),
ascorbate and glutathione probably contribute significantly to
water-soluble antioxidant capacity. The difference between our
studies and others and among the others may be explained, as
mentioned above, by the choice of species and the variability in
the methodologies, particularly in the various pretreatments of
the thalli in the laboratory or in performing the rehydration
experiments.

In summary, this publication is the first to report that initi-
ation of metabolic activities by rehydration of the lichen R.
lacera is accompanied by bursts of intracellular ROS and NO
production. ROS were produced by both symbionts, but the
contribution of algal photosynthesis was negligible, and NO
was generated only by the fungus. These activities did not
cause membrane damage, but resulted in a decrease in low-
molecular-weight antioxidants.
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