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. INTRODUCTION

Lichenization is one of the most successful ways whereby fungi fulfill their requirement
for carbohydrates, with about one-fifth of all known species of fungi being lichenized
(Hawksworth 1988a), i.e., forming an obligatory mutualistic association with a photoau-
totrophic green alga and/or a cyanobacterium. Although lichen-forming fungi account for
a major part of fungal diversity, these obligatory symbiotic species are not randomly
distributed within the fungal kingdom. Lichenization is almost restricted to the Ascomycota
(ascolichens), which claims more than 98% of all lichen-forming species (Hawksworth
1988b). Also, lichenized species are concentrated in specific lineages within the Asco-
mycota. Although 42% of all known Ascomycota species are lichenized, only 15 orders
out of 46 include lichen-forming taxa (Hawksworth et al. 1995). The largest portion of
lichen diversity is classified within a single order, the Lecanorales, suggesting that a large
part of lichen-forming ascomycetes share a common ancestor. The remaining lichen-form-
ing fungi are mostly members of the Basidiomycota (basidiolichens), representing less
than 2% of lichen diversity. Only 6 of the 1428 genera classified in the Basidiomycota
include lichen-forming species (Hawksworth et al. 1995; Oberwinkler 1984).

A large portion of lichen-forming fungi are heliophilous, and most are xerophilous
compared with their nonlichenized relatives. Moreover, the fungal component of lichens
is in constant contact with an oxygen-producing alga and/or cyanobacterium during its
entire life cycle, except for the sexually generated spores. Consequently, fungal lineages
that were involved in a transition to a lichenized state are likely to have been exposed to
higher levels of solar radiation, desiccation, and ambient oxygen generated by the pho-
tobiont. These stresses are associated with increased formation of free radicals. Given the
poikilohydric and heliophilic nature of most lichens, it is very likely that a fungal lineage
with adequate protection mechanisms against solar radiations, desiccation, and oxidative
stresses is well-suited to forming and maintaining a mutualistic association with an oxygen-
producing, heliophilic photobiont. Within a phylogenetic framework, Section II of this
chapter explores the predispositions and consequences on fungal lineages that have sur-
vived various stresses associated with a transition to a lichenized state. To overcome
extreme drought (some lichens can survive in a desiccated state for many years), lichens
are equipped with extraordinary mechanisms protecting them from oxidative stress. Among
these, a powerful antioxidant system is found. Therefore, Section III of this chapter is
focused on the phenomenon of desiccation tolerance. A review of mechanisms that protect
desiccation-tolerant organisms from the deleterious effects of drought is provided. Given
the paucity of papers published on desiccation-induced oxidative stress and on antioxidant
protection in lichens, we will discuss these rare reports along with the more abundant
papers published on other desiccation-tolerant organisms, such as resurrection plants and
dormant seeds.

Il. ORIGIN AND EVOLUTION OF LICHEN SYMBIOSES
A. Transitions to a Lichen Symbiotic State Are Rare in Fungi

Phylogenetic studies on lichenized and nonlichenized fungal species aimed at studying the
origin and evolution of lichenization can provide important clues to determine the nature
and intensity of the initial stress on the fungal and photobiotic (green alga and/or cyano-
bacterium) partners in lichens. If successful transitions to a lichenized state occurred fre-
quently during the evolution of ascomycetes and basidiomycetes this would indicate that

bl
&
¥




Lichen Symbiosis and Adaptation to Desiccation 593

this type of transition is simple with low stress on the symbionts. On the other hand, if
most of the lichens’ diversity was derived from one or very few independent origins of
lichenization, this would suggest that this transition to a symbiotic state is complex and
initially involves high stresses on at least one of the symbionts.

The acceptance by the mycological and lichenological community, more than 12
years ago, that some basidiomycetes associated with green algae or cyanobacteria are
lichens, simultaneously established, for the first time, that lichens (including both asco-
and basidiolichens) originated more than once (Lutzoni et al. in press). At that time, it
was also known that more than one independent transition to a lichenized state took place
within the Basidiomycota. This was because of the paucity of basidiolichen species and
their affiliation with drastically divergent groups within this phylum (e.g., coral fungi
versus mushrooms). Because more than 98% of the diversity of lichens is within the
Ascomycota, one crucial question needs to be answered: How many independent origins
of lichens took place during the evolution of Ascomycota?

Based on a cladistic analysis of nucleotide sequences from the small subunit nrRNA
gene for 7 lichenized ascomycetes, representing 3 of the 15 orders of ascomycetes that
include lichenized taxa, and 34 nonlichenized ascomycete species, representing 14 orders
of ascomycetes out of 31 orders that do not include lichenized taxa (Hawksworth et al.
1995), Gargas et al. (1995) concluded that there were multiple origins of lichen symbiosis
within the Ascomycetes. They detected two independent origins for ascolichens, but pre-
dicted that at least four more would be revealed as more orders containing lichen-forming
species would be sampled.

Spatafora and Lutzoni (Spatafora et al. 1994; Lutzoni et al. 1996, and in press), using
nucleotide sequences from the small subunit nrfRNA gene, selected 74 taxa, representing
19 orders of the phylum Ascomycota. Eleven of these orders include lichen-forming as-
comycetes. Depending on the evolutionary model used for the cost of gains and losses of
lichenization, Lutzoni et al. (in press) indicated that the number could range from one to
four independent origin(s) for ascolichens. It also revealed, for the first time, that lichen-
ization was also lost during the evolution of ascolichens. Contrary to the conclusion and
prediction of multiple origins for ascolichens by Gargas et al. (1995), Spatafora and Lut-
zoni’s studies demonstrated that the small subunit nrDNA alone was insufficient to reject
the hypothesis of a single origin for ascolichens. Balanced sampling of lichenized and
nonlichenized taxa, the use of multiple models for the evolution of lichenization, and well-
supported topologies provided by multiple data sets are essential to conduct a conclusive
study on the origin of ascolichens.

In an attempt to gather a second data set from a different coding region, Lutzoni et
al. (1997) sequenced a 1.4-kb fragment at the 5’ end of the large subunit nrRNA gene and
gathered a set of 44 sequences representing 22 orders of ascomycetes, 9 of which include
lichen-forming ascomycetes. The preliminary results from this ongoing study provide ev-
idence for a single origin for ascolichens, with at least two losses of lichenization. The
two data sets (large and small subunit nrRNA genes) had 28 taxa in common. Because
the two 28-taxon data sets revealed different phylogenetic affinities, a test was imple-
mented to determine if these differences could be explained by sampling error (Lutzoni
and Vilgalys 1995a; Lutzoni 1997; Rodrigo et al. 1993) and, therefore, could be combined
into one data set. The combinability test showed that the discrepancies between the to-
pologies derived from the two data sets when analyzed separately were not significant.
The phylogenetic analysis of the combined data set generated one most parsimonious tree.
With a model in which gains and losses of lichenization have the same cost, two equivocal
solutions were found: one with one gain and two losses of lichenization, the other with
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three independent gains. If it is assumed that gains have a slightly higher cost than losses,
only one unequivocal solution was found, with a single origin of ascolichens and two
losses. If losses have a slightly higher cost than gains, a maximum of three independent
lichenization events was revealed. Even if the exact number of independent origin(s) of
ascolichens and their phylogenetic relationships have not been solved, this series of studies
by Spatafora and Lutzoni clearly demonstrated that successful transitions to lichenization
were potentially rare during the evolution of ascomycetes, especially, given the tremendous
adaptive radiation (> one-fifth of all fungi) that followed.

B. Consequences of a Transition to a Lichenized State

Successful transitions to a lichen symbiotic state are relatively rare, given the tremendous
diversity of extant lichen species. If the current lichen diversity is derived from a few
lichenization events, this strongly suggests that the initiation and successful maintenance
of a lichen symbiotic interaction are difficult and involve stresses on at least one of the
symbionts during their early coevolutionary history. To study the predispositions that might
confer a higher potential to a fungal lineage to survive a transition to a mutualistic asso-
ciation with a photobiont, and the consequences of this transition, Lutzoni (Lutzoni and
Vilgalys 1995b; Lutzoni 1997) proposed the Omphalina (basidiomycete)—Coccomyxa
(green alga) lichen model system. Phenotypic and genotypic differences between the
closely related species O. velutipes, O. epichysium, O. sphagnicola (nonlichenized species),
and O. ericetorum (lichen-forming species) are small (Fig. 1). These four taxa are most
similar to the fungal lineages that flanked the transition to mutualism. It is believed that
the origin of this symbiotic association is relatively recent compared with those that gave
rise to most ascolichens (Hawksworth and Hill 1984). A model system that includes a
relatively recent transition to a lichen state is essential to minimize the number of incidental
differences between the lichenized and nonlichenized taxa. With such a model system the
observed differences are more likely to be directly associated with the transition to a
lichenized state. This can point to potential genes necessary for the transition and main-
tenance of the lichen symbiosis that can be targeted by future molecular genetic studies.
It is yet to be determined to what extent each conclusion derived from this basidiomycete
model system can be extended to evolutionary mechanisms associated with the origin of
ascolichens. The available evidence provided by ongoing molecular systematic studies
suggests an old origin(s) for ascolichens (i.e., soon after the origin of filamentous asco-
mycetes; Spatafora et al. 1994; Lutzoni et al. 1996, and in press). Consequently, too much
divergence and extinction might have taken place between extant lichenized and nonli-
chenized ascomycetes to allow the reconstruction of ancestral evolutionary mechanisms
associated with the origin(s) of most ascolichens. If this were true, it might not be possible
to determine how relevant these evolutionary mechanisms associated with the origin of
lichenized Omphalina are to the origin(s) of lichenized ascomycetes other than by com-
parison with other mycobiont—photobiont symbioses.

The discovery of phenotypic changes resulting from a transition to a lichen symbiosis
can reveal the nature of the stresses associated with lichenization and potential require-
ments that a given lineage would need to be more likely to establish and maintain a
successful mutualistic interaction with a photosynthetic organism. With the Omphalina—
Coccomyxa model system along with a comparative phylogenetic approach, Lutzoni and
co-workers (Lutzoni and Vilgalys 1995b; Lutzoni 1997; Lutzoni and Pagel 1997) have
shown that several drastic changes took place in the Omphalina lineage subsequent to the
single successful transition to mutualism that occurred in this genus (see Fig. 1). Contrary
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to the nonlichenized sister groups, the five lichen-forming species (O. ericetorum,’O.
grisella, O. hudsoniana, O. luteovitellina, and O. velutina) are extremely difficult to grow
in axenic culture. The only published successful attempt to grow the Omphalina mycobiont
in axenic culture was by Langenstein (1994), with the species O. ericetorum. However,
these cultures could be maintained alive for only 6 months. Basidiospores of O. hudson-
iana would germinate, but died shortly after. The difficulty in growing these mycobionts
in axenic culture and their slow growth suggest a strong dependency on the phycobiont
for their survival in nature.

The second major consequence detected in lichenized Omphalina species was a trend
towards the loss of the dikaryotic state. Based on a karyological study of more than 600
collections of lichenized Omphalina species, Lamoure (1968, 1969, 1993) reported that
many of these individuals were uninucleate. This state was not observed for species be-
longing to the nonlicheninzed sister group (Lamoure 1989). This trend was confirmed by
phylogenetic studies on the gerius- Omphalina and related species (Lutzoni and Vilgalys
1995b; Lutzoni 1997). Lamoure (1968, 1969) proposed that these single nuclei were hap-
loid and that the formation of the basidiocarp was parthenocarpic. A preliminary study by
Lutzoni (unpublished) using flow cytometry to quantify the DNA from nuclei in the bas-
idiocarps and from nuclei in the spores generated by these basidiocarps supports the hy-
pothesis that meiosis was taking place and that these single nuclei in the basidiocarps and
mycelia were, therefore, diploid. Given these results, the development of the basidiocarp
is not likely to be parthenocarpic. The uninucleate state more likely results from exobas-
idial karyogamy, probably early after mating.

Lichenized species of Omphalina can reproduce asexually. The resulting vegetative
propagules contain both the algal and fungal partners. This consequence could represent
an advantage over sexual reproduction for which the fungal meiotic spores (basidiospores)
need to germinate to form an haplont that needs to mate to form a dikaryon. This dikaryotic
mycelium needs to find a specific alga (Coccomyxa, in this case) to form the lichen thallus.
The asexual reproduction mode by thallus fragmentation is always functional, whereas the
sexual mode needs the appropriate environmental conditions to produce the basidiocarp
and basidiospores. If the asexual mode of reproduction provides a larger portion of the
progeny than the sexual mode in the lichenized species of Omphalina, and exobasidial
karyogamy occurs frequently soon after mating, a trend toward the loss of the dikaryotic
state is expected. Because genetic isolation is intrinsic to clonal reproduction, it is very
likely that some of the species in the lichen-forming clade originated from 4 single asexual
propagule with the uninucleate state. This could well be so for O. hudsoniana in which
98% of the individuals examined by Lamoure (1993) were uninucleate. '

The third consequence of this transition to mutualism is meiotic anomalies observed
in the lichenized lineage (Lamoure 1969). As for mushrooms in general, basidia of non-
lichenized Omphalina species produce four spores. The number of spores per basidium
can be extremely variable (a mixture of one to four spores per basidium on a single
lamella) for the lichenized species.

Finally, a remarkable increase in rates of nucleotide substitution for the nuclear
ribosomal DNA was recorded for the lichenized Omphalina species. By using phylogenetic
comparative methods, Lutzoni and Pagel (1997) demonstrated that the transition to the
lichen state preceded the rate acceleration in these lineages. Their study suggests that the
increased rate of evolution was generalized across the genome of these mutualist fungi.
In addition to the propagation of uninucleate individuals by asexual reproduction, selection
for the uninucleate state, described in the foregoing, could result from this exceptional
increase in rates of nucleotide substitution. The uninucleate state might enhance or enable
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additional “recombination—repair’> mechanisms at almost every stage of the life cycle by
providing a template, from the homologous chromatid, that could be necessary for some

specific types of DNA retrieval systems. These specific repair systems are not likely to be
operational during the dikaryotic state. In basidiomycetes and ascomycetes, karyogamy
occurs only in the hyphal compartments in which meiosis will occur (basidium and ascus,
respectively). Therefore, it is possible that these fungi might not have a mechanism to
prevent recombination after karyogamy has taken place, and this would explain why the
two parental nuclei are kept separate until meiosis. However, these additional or enhanced
“recombination—repair’’ systems might also be necessary to survive a higher mutational
stress (see following section), resulting from a transition to a lichen symbiotic condition.

C. Stresses Associated with a Transition to a Lichen Symbiosis

Given these potential consequences resulting from a transition to a lichen state, three types
of stresses were identified that could explain the observed changes in the lichenized taxa:
increased solar radiation, desiccation levels, and ambient oxygen. A saprophytic lifestyle
usually involves mycelial growth in the substrate, protecting it from damaging wave-
lengths, such as UV-B and from excessive desiccation. To enable an interaction with a
photobiont that must carry out photosynthesis, the mycelium of the mycobiont has to be
at the substrate surface, exposed to solar radiation, desiccation, and oxygen produced by
the photobiont. Because the mycelium of nonlichenized fungi is not exposed to light, it
probably does not have the capability to produce pigments and other secondary compounds
to provide adequate protection against damaging radiation. For the same reason, newly
lichenized individuals probably did not have the appropriate biochemical mechanisms to
protect against desiccation. In lichen-forming Omphalina species, each photobiotic cell is
surrounded by hyphae. The hyphal sheet surrounding the photobiont is, therefore, exposed
to the oxygen produced by the photobiont. In addition, increased levels of ambient oxygen
for the mycobiont may have resulted from the nonoptimal symbiotic interactions between
the symbionts associated with the origin of lichenization, in which the mycobiont probably
maximizes its contact with the photobiotic cells (Galun 1988; Langenstein 1994) and fails
(for example) to translocate efficiently the carbon provided by the photobiont. Under such
conditions, the photobiotic moiety of early lichen symbioses would account for a large
part of the lichen biomass, as is true for the ancestral crustose—globulose thallus of li-
chenized Omphalina (Lutzoni and Vilgalys 1995b; Oberwinkler 1984). Under this scenario
it is expected that the stresses would be higher on the mycobiont than on the photobiont.

Increased levels of oxygen, desiccation, ionizing radiation, or UV-A and UV-B ra-
diations between 320 and 380 nm can cause increased levels of free oxygen radicals
(Halliwell 1987; Halliwell and Gutteridge 1989; Mattimore and Battista 1996; Friedberg
et al. 1995). As explained later, these free radical species can damage membranes, proteins,
and DNA (e.g., double strand breaks). UV radiation can also have a direct effect on DNA
by causing the formation of cyclobutane—pyrimidine dimers (Li and Graur 1991; Singer
and Ames 1970).

The acceleration of nucleotide substitutions recorded in the mutualist fungi studied
by Lutzoni and Pagel (1997) also could have resulted from deficient DNA repair systems,
shorter generation time, and reduced sexual reproduction (Law and Lewis 1983), coupled
with smaller population size (Moran 1996). Lutzoni and Pagel concluded that the observed
acceleration of nucleotide substitutions in the lichenized Omphalina is mostly due to se-
lection of mutations that disrupt the potential formation of thymine dimers. However, this
factor could not explain the accelerated rate of nucleotide substitutions observed in two




598 Kranner and Lutzoni

other independent transitions to mutualism included in their study. For these two other
cases, they proposed that an increase in the level of mutagenic free radicals could be
responsible for the acceleration.

D. Fungal Predispositions for a Transition to a Mutualistic State

Do all fungal lineages have the same potential for a successful transition to a lichen
symbiotic state? The identification of sources of stresses, described in the foregoing, as-
sociated with a transition to a lichen symbiosis can be used to deduce the advantageous
traits a fungal lineage would need to be particularly well suited for a successful transition
to a mutualistic state. Three major predispositions are outlined here (see Fig. 1): (1) high
phenotypic plasticity/broad ecological amplitude; (2) low fungal virulence/high photobiont
infection resistance; (3) desiccation and sun irradiation tolerant/efficient DNA repair mech-
anisms (this third predisposition is discussed in section IIL.C).

A broad ecological amplitude and high phenotypic plasticity are attributes that pro-
vide opportunities to colonize different substrates and adapt readily to new environments.
For fungi, new environments can include growing on or in photoautotrophic organisms,
such as living plants, algae, and cyanobacteria. If molecular rates of evolution are any
indication of the overall rate of species evolution (Omland 1997), O. ericetorum, with the
slowest evolutionary rate among the lichen-forming Omphalina clade, is likely to be the
most similar extant species to the lichenized ancestor of this clade (see Fig. 1). Omphalina
velutipes, O. spagnicola, and O. epichysium, three basal species with the slowest rates of
nucleotide substitutions in the nonlichenized sister group to this lichen clade, are likely to
be most similar to the ancestral lineage in which the transition to a lichen state occurred.

Interestingly, O. ericetorum is the most plastic species of the lichenized Omphalina
group, the most common, the most broadly distributed, and with the broadest range of
substrates. Omphalina ericetorum is also the species in this group of lichenized fungi with
the most variable degree of lichenization. Some individuals are almost without a thallus
(where the fungal—algal interaction occurs), whereas the thallus of other individuals
densely covers the substrate. It, therefore, is quite possible that individuals from the an-
cestral lineage where lichenization took place were phenotypically plastic, with broad
ecological amplitudes, and these attributes were one of the reasons a transition to mutu-
alism was possible. Redhead and Kuyper (1987) came to the same conclusion. They re-
ported that O. epichysium, a lignicolous species, can also be found associated with bryo-
phytes and algae. They further suggested that these facultative fungus—alga and fungus—
bryophyte associations are precursors to the development of lichenization. These conclu-
sions are in conflict with Gargas et al. (1995), who concluded that basidiolichens (such as
lichenized Omphalina) arose from predominantly mycorrhizal fungi. This discrepancy can
be partly explained by the sampling of Gargas et al., in which the closest relative to the
lichenized Omphalina was the distantly related genus Pleurotus. Lutzoni (1997) included
all known lichenized Omphalina species, and 25 species selected from nonlichenized Om-
phalina and closely related genera such as Arrhenia, Chrysomphalina, and Clitocybe. None
of these taxa are mycorrhizal. Moreover, it is not the most parsimonious solution for the
mycorrhizal state to be ancestral to basidiolichens (see Fig. 1 of Gargas et al. 1995).

The ability of algae or cyanobacteria to provide good sources of carbon for their
fungal partners is a major factor in determining which alga or cyanobacterium will asso-
ciate with which fungus. The next necessary condition for a successful transition to mu-
tualism is the ability of the fungus not to kill the alga (low pathogenicity) that it is
colonizing and/or the ability of the alga to defend itself from lethal colonization by the
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fungus. Origins of lichen symbioses involving Coccomyxa, such as for the basidiolichen
genera Omphalina and Multiclavula, favor the latter explanation. Coccomyxa cell walls
contain sporopollenin that seems to confer resistance to fungal penetration (Honegger and
Brunner 1981; Galun 1988). This case scenario has the advantage of broadening the range
of fungal species with which the photobiont can form a successful mutualistic interaction,
by including some pathogenic fungal species that would otherwise be lethal to the alga or
cyanobacterium.

It is not known which photobiont was associated with ascolichen origin(s), but based
on Spatafora and Lutzoni’s phylogenetic studies (Spatafora et al. 1994; Lutzoni et al. 1996, -
and in press) it is likely to have involved a photobiont without sporopollenin. In such a
case, a fungus with low pathogenicity, or that had lost its pathogenicity, is more likely to

" have been responsible for the initial stage of a transition to mutualism. Galun (1988)
reports that structurally simple crustose lichen species feature intracellular invasion in
which the haustorium pierces and grows through the algal cell wall at all phases of its
normal life cycle. In more differentiated crustose species, fungal invasion is limited to
invaginations that appear only in mature and senescent algal cells. Finally, in lichens with
a derived foliose or fruticose growth form, haustoria were almost restricted to preexisting
decayed or entirely distorted algal cells. This trend toward the loss of haustoria from
plesiomorphic to apomorphic thalli growth forms suggests that the haustorium may be a
vestigial remnant of an initial parasitic fungus—alga relation (Ahmadjian and Jacobs 1981;
Galun 1979, 1988).

E. Correlation between Mutualism and Increased Oxidative Stress

In general, oxygen is a two-edged sword for aerobic organisms: on the one hand, it enables
efficient energy production by enzymatic combustion of organic compounds; on the other
hand, it leads to damage of cells by the formation of reactive oxygen species, such as
singlet oxygen, the hydroxyl radical, the superoxide anion radical, and hydrogen peroxide.
Reactive oxygen species interact with all classes of biomolecules and can thus damage
almost all cellular compartments. Moreover, various environmental stresses, such as irra-
diance, soil contamination, air pollution, chilling, nutritional disorders, flooding, or drought
(see Smirnoff 1993; Elstner and Osswald 1994; Bartosz 1997) cause formation of free
radicals in plants.

g For fungi, the transition to a mutualistic association with a photoautotrophic organism

is very likely correlated with increased oxidative stress for at least two reasons: first, they
are associated with oxygen-producing photobionts and, second, the exposure to desiccation
and sun irradiation causes the formation of free radicals. Given the poikilohydric and
heliophylic nature of most lichens, it is very likely that a fungal lineage tolerant to oxi-
dative stress caused by desiccation and sun irradiation, and/or with efficient DNA repair
mechanisms would be more suited to forming a successful mutualistic association with
terrestrial cyanobacteria or green algae. Because desiccation tolerance plays such a major
role in the ecological success and diversification of lichens, in the remaining part of this
chapter we will concentrate on mechanisms of free radical production, on desiccation-
induced oxidative stress, and finally on protection mechanisms against free radical- and
desiccation-induced damages. When possible, we incorporate results obtained from phys-
iological studies on lichens; however, lichen stress physiology is a rather neglected field
of study. Therefore, we will discuss the rare reports on desiccation and oxidative stress in
lichens in addition to the more numerous publications using poikilohydric plants, as well
as desiccation-tolerant propagules, such as seeds and spores, from various organismis.
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lll. PHYSIOLOGICAL ADAPTATION TO OXIDATIVE DAMAGE
ASSOCIATED WITH POIKILOHYDRY

A. Toxic Effects of Oxygen on Plant and Fungal Tissues

Generally, the energetic benefit of aerobic metabolism is associated with the generation of
reactive oxygen species capable of damaging biologically relevant molecules, such as
DNA, proteins, carbohydrates, and lipids. Free oxygen radicals and other active oxygen
species naturally produced during plant metabolism are particularly found in chloroplasts
and mitochondria (see Halliwell 1987). These highly reactive oxygen species such as
hydrogen peroxide (H,O,), superoxide (0;7), singlet oxygen (*05), or the hydroxyl radical
(OH"), have the potential to inactivate enzymes and damage important cellular compo-
nents. They are thus associated with several physiological disorders in plants. Moreover,
oxygen has a toxic effect because thiol (SH)-groups-containing enzymes are inactivated
by oxygen. In the following we give a short overview of some major pathways for gen-
eration of reactive oxygen species. For broader reviews refer to Elstner (1982), Halliwell
(1987), and Halliwell and Gutteridge (1989).

Most oxygen taken up by aerobic cells is reduced to water by the addition of four
electrons to each molecule. This reaction [Eq. (1)] is catalyzed by the cytochrome oxidase
complex of the inner mitochondrial membrane.

0, + 4e” + 4H" — 2H,0 ¢))

Other oxidases, such as glycollate oxidase, urate oxidase, and amino acid oxidases, transfer
two electrons onto each oxygen molecule to form hydrogen peroxide (see citations in
Halliwell 1987; Halliwell and Gutteridge 1989), following Eq. (2).

30, + 2¢” + 2H* — H,0, )

The high electronic excitation state, resulting from the illumination of the chlorophyll
molecule, can transfer energy onto the oxygen molecule and raise it from its ground state
(triplet oxygen, *0,) to a more reactive state known as singlet oxygen 'O,, Egs. (3) and
(4). Singlet oxygen is not subjected to spin rule and reacts rapidly with most organic
molecules, especially at double bonds, to produce hydroperoxides (ROOH). Because the
trapping of light by photosystems (PS) I and II causes the formation of excited states of
the chlorophyll molecules, excess excitation can cause production of '0, in chloroplasts,
which can react directly with polyunsaturated fatty acid side chains to form lipid peroxides
(Halliwell 1987).

P + light — P* (excited pigment) A3)
P* +30,5'0, + P 4

Some cellular systems, such as nitropropane dioxygenase, galactose oxidase, and
xanthine oxidase, catalyze oxidation reactions in which a single electron is transferred
from the substrate onto oxygen to produce superoxide O;” [Eq. (5)]. Autoxidation of some
reduced compounds [e.g., flavins, pteridines, diphenols, and ferredoxin; Eq. (6)] can also
transfer a single electron to oxygen to produce O;~ (citations in Halliwell 1987 and Halliwell
and Gutteridge 1989).

0, + e — 057 5)
Ferredoxin,gya + O, — ferredoxinggizea + O3~ ©)

Compared with other oxygen radicals, O,” is rather unreactive. For example, it can-
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not react directly with membrane lipids to cause peroxidation. However, most of O,
formed in biochemical systems reacts with itself (nonenzymatic) to form H,O, [Eq. (7)].
Hydrogen peroxide and O, can react together to form the hydroxyl radical "OH [Eq. (8)]
in an iron-catalyzed reaction, known as the Haber—Weiss reaction. The hydroxyl radical
is the most reactive species known to chemistry. It is capable of attacking and damaging
almost every molecule found in living cells. It can hydroxylate purine and pyrimidine
bases in DNA, leading to an increase in mutation rates (Halliwell 1987). It can also abstract
hydrogen radicals from membranous lipids to initiate peroxidation. Once initiated, per-
oxidation is autocatalytic. For example, the perhydroxy radical (HOO") generated by the
protonation of O;~ and HO" can extract the bis-allylic hydrogen atom from an unsaturated
fatty acid (LH) to form a lipid alkyl radical (L) that is further oxidized by molecular

" oxygen to generate a lipid peroxy radical (LOO"). LOO" reacts with LH yielding LOOH
and L', Thus, a radical chain reaction is propagated. For these reasons, the superoxide
radical and its derivatives induce membrane rigidity as well as peroxidation of membrane
lipids, and can also attack sulfhydryl-containing proteins. Consequently, the inactivation
of membrane-bound enzymes and changes in lipid structure may contribute to a loss of
membrane integrity and selective permeability.

O, + O0;” + 2H" - H,0, + ?0, D

H,0, + 0, —» %0, + 'OH + OH~ ®

Lipid peroxidation involves the reaction of oxygen with conjugated dienes to produce
lipid peroxides. Lipid peroxides decompose to give aldehydes, such as 4-hydroxynonenal
(HNE) and malondialdehyde and other products (including volatile hydrocarbons such as
ethane and pentane). These aldehydes are considered as second toxic messengers which
disseminate initial free radical events. This way, lipid peroxides and their degradation
products cause extensive damage. The chemistry and biochemistry of such aldehydes re-
sulting from lipid peroxidation is well reviewed by Esterbauer et al. (1991).

In lichens, oxygen free radicals produced in the photobiont are not likely to pass
through the chloroplast membranes and plasmalemma of the alga to subsequently damage
the mycobiont’s cellular components. However, the triplet oxygen itself can react with
several molecules in the mycobiont, thereby leading to generation of oxygen free radicals.
To the best of our knowledge, production of oxygen free radicals in lichenized fungi has
not yet been investigated, but it was reported that oxidative stress can cause DNA damage
in yeast (Frankenberg et al. 1993; Brennan et al. 1994; Woodford et al. 1995). Moradas-
Ferreira et al. (1996) reviewed molecular defenses against reactive oxygen species in yeast.

B. Dehydration Leads to the Formation of Free Radicals

Reports on the formation of free radicals in response to many plant stresses, including
drought, are being published with increased frequency (for reviews, see Smirnoff 1993;
Elstner and Osswald 1994; Bartosz 1997). Here, we will consider mainly the generation
of desiccation-induced free radicals. Because of the economic significance of storing seeds,
most investigations have been carried out on seeds and seedlings of vascular plants, such
as Glycine max (Buchvarov and Gantcheff 1984; Senaratna et al. 1985a,b; Priestley et al.
1985; Simontacchi and Puntarulo 1992), Helianthus annuus (Quartacci and Navari-Izzo
1992), Zea mays (Priestley et al. 1985; Leprince et al. 1990, 1994a,b, 1995), Phaseolus
vulgaris (Leprince et al. 1995), Quercus robur (Hendry et al. 1992), Castanea sativa
(Finch-Savage et al. 1994), and on other grasses and cereals (Price and Hendry 1991).




602 Kranner and Lutzoni

Navari-Izzo et al. (1994) reported superoxide radical production in illuminated thylakoids
during rapid and slow desiccation and rehydration of the resurrection plant Boea hygro-
scopica. Superoxide radical production was higher in control and rehydrated plants than
in slowly and rapidly dehydrated plants. O;~ production was higher in rapidly than in
slowly dehydrated leaves. In thylakoids of rapidly dried leaves, SH groups of proteins
were maintained in the reduced state at low levels (6.6%). They amounted to more than
50% in slowly dehydrated and to 70% in rehydrated leaves.

There are few reports on the formation of free radicals in cryptogamic plants. Gen-
eration and accumulation of desiccation-induced free radicals have not been reported from
lichenized fungi. Seel et al. (1991) used electron paramagnetic resonance (EPR) and elec-
tron nuclear double resonance (ENDOR) to demonstrate that, besides short-lived oxygen
radicals, relatively stable, carbon-centered radicals accumulate during desiccation in
mosses. Such stable free radicals also accumulated in germinating maize (Leprince et al.
1990, 1994a,b, 1995), in bean (Leprince et al. 1995), and in oak (Hendry et al. 1992).
The most common free radical produced may be a semiquinone, resulting from the final
trapping out of radicals involved in a sequence of desiccation-promoted free radical re-
actions (Hendry et al. 1992). In orthodox seeds, the formation of such desiccation-induced
stable free radicals was reported to be a function of oxygen and temperature. In the
desiccation-intolerant stage the concentration of stable radicals was lower if tissues were
dried below 15°C and higher when tissues were dried above 30°C, and high oxygen con-
centrations dramatically increased the buildup of free radicals (Leprince et al. 1995). Fur-
thermore, senescence in plants was correlated with the generation of free radicals derived
from a quinone (Atherton et al. 1993).

Secondary free radicals, other than carbon- and oxygen-centered radicals formed by
the interaction of oxygen or carbon radicals with organic molecules, may originate during
desiccation. One such main radical species is the thiyl radical S'. However, the formation
and reactions of thiyl radicals under drought conditions have not been studied in plants
or in lichens. It might be possible to apply to plants and lichens a new analytical method
developed to investigate stable thiyl radicals in yeast (Sievers et al. 1996). In animal and
human tissues, this topic has been investigated more extensively (see Cadenas 1995;
Kundu and Willson 1995; van der Vliet et al. 1995; Wardmann and von Sonntag 1995).
For these organisms, the formation of the S°. radicals is discussed relative to numerous
metabolic functions of thiols, such as the repair of carbon-centered radicals and free—
radical-scavenging activities.

C. DNA Damage Caused by Desiccation

Most studies on DNA damage resulting from desiccation stress have been carried out on
bacteria. DNA exposure (in vivo and in vitro) to dry environments leads to the accumu-
lation of double-strand breaks (DSBs) and to DNA becoming cross-linked with other
cellular constituents, such as proteins (Dose and Gill 1995). Unique tandem-base change
mutations leading to mutagenic and lethal consequences have also been reported for bac-
terial spores exposed to extreme dryness (Munakata et al. 1997).

Mattimore and Battista (1996) reported that adaptations needed to survive prolonged
desiccation in Deinococcus radiodurans are also necessary to survive ionizing radiation.
Because the high levels of radiation necessary to cause detectable lethality are absent in
nature, the authors suggested that resistance to ionizing radiation in D. radiodurans wild-
type is a consequence of its adaptation to dehydration. Given this premise, it would be
expected that desiccation-resistant organisms, such as most lichen-forming fungi and their
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photobionts, would also be more resistant to ionizing radiation than desiccation-sensitive
species. In D. radiodurans wild-type, dehydration-induced DSBs accumulate as a function
of time (Mattimore and Battista 1996). In this species, it took a minimum of 8 days before
DNA DSBs accumulated to detectable amounts by agarose gel electrophoresis. Escherichia
coli, an ionizing radiation-sensitive bacterium, accumulates DSBs at the same rate. This
suggests that the resistance of D. radiodurans to desiccation is not a function of an en-
hanced mechanism to protect DNA from damage caused by desiccation, but rather, of its
ability to efficiently repair DNA damage on rehydration. However, this does not seem to
apply to all bacteria.

Setlow and co-workers (Setlow 1995; Setlow and Setlow 1995; Fairhead et al. 1994)
reported a desiccation-phase mechanism that protects DNA from damage through its sat-
-uration with a group of DNA-binding proteins, termed o/B-type small, acid-soluble spore
proteins (SASP). The saturation of spore DNA with a/B-type SASP provides protection
against DNA single-strand breakage caused by desiccation and hydrogen peroxide. Setlow
and Setlow (1996) report that, although this mechanism also provides significant protection
against spore DNA damage caused by dry heat, the killing of wild-type spores by this
specific treatment is, in large part, due to DNA damage. Because DNA damage contributes
significantly to the killing of wild-type spores subjected to dry heat and to the killing of
o B~ spores by all treatments, Setlow and Setlow (1996) proposed that DNA repair is an
important rehydration-phase mechanism of spore resistance to dry heat. DNA repair-related
genes (dinR, recA, and uvrC) were induced during outgrowth of wild-type spores treated
with dry heat or UV.

Because high levels of dehydration-induced lethality were detected after only 1 day
for E. coli, and no DNA repair was detected during the desiccation phase for D. radio-
durans (Mattimore and Battista 1996), it seems that resistance to desiccation can involve
two distinct series of mechanisms, as described by Oliver and Bewley (1997): (1) a series
of desiccation-phase mechanisms that confers protection against damage to membranous
and proteinaceous components as well as DNA during the drought period; and (2) a series
of rehydration-phase mechanisms that provides efficient DNA repair once the cells starts
to rehydrate. Any given desiccation-resistant organism could have one or the other series
of mechanisms, or a combination of both. Mattimore and Battista (1996) also noted that
weekly exposure to ambient humidity was harmful to dried cells during a long-term des-
iccation experiment. Because the survival of drought-tolerant lichens is probably dependent
on short dry—wet cycles (see Kershaw 1985), the resistance of these lichens to desiccation
is likely to involve additional mechanisms.

The work of Esterbauer and co-workers suggests that mutagens can be derived from
lipids and lipid precursors (for review see Esterbauer et al. 1991). More specifically, free
radical damage leading to mutations might result from aldehydic lipid peroxidation prod-
ucts, such as malondialdehyde, 4-hydroxynonenal (HNE), and others. These aldehydes can
react with DNA bases and induce mutations (see Vaca et al. 1988 for review). HNE can
induce the incidence of micronuclei, sister chromatid exchange, and chromosomal aber-
rations (citations in Esterbauer et al. 1991). Presumably, these compounds may also inhibit
certain DNA repair systems.

D. Physiological Adaptation to Desiccation Requires a Complex
Interplay of Several Adaptational Mechanisms Including Protection
from Oxidative Damage

Cellular desiccation imposes multifaceted stresses that are lethal for most organisms. Along
with increased oxidative stress (Smirnoff 1993; Elstner and Osswald 1994), water removal
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affects ionic strength and pH, and it can lead to the crystallization of solutes and dena-
turation of proteins. Conformational changes in protein structure are probably primary
sites of desiccation injury, particularly for irreversible formation of intramolecular disul-
fides (Levitt 1980). Moreover, water deficit leads to increased lipid peroxidation. A con-
sequence of lipid peroxidation and protein denaturation is membrane disruption, leading
to leakage of solutes and loss of compartmentalization. Finally, severe water removal can
cause cellular collapse.

By contrast, desiccation-tolerant (DT) plants and lichens are able to revive and show
normal physiological characteristics on rehydration after having been desiccated and re-
maining in the air-dried state for long or short periods. Desiccation tolerance occurs in
organisms ranging from the most simple levels of cellular organization, such as bacteria,
to much more complex and multicellular nature, such as arthropods. In the plant kingdom,
desiccation tolerance occurs in species belonging to almost all major classes (for review,
see Oliver and Bewley 1997). However, it is a rare phenomenon in the vascular plants.
Most desiccation-tolerant plants are found in nonvascular cryptogamic plants, especially
among algae and bryophytes. In the fungal kingdom desiccation-tolerant species are found
in all major phyla. However, almost all of these species are lichen-forming ascomycetes,
representing approximately one-fifth of all known fungi (Hawksworth 1988a). Many bry-
ophytes, lichen mycobionts, and photobionts (including green algae and cyanobacteria),
as well as some specialized vascular plants, withstand drying of their photosynthetic cells
to water contents of 10% of their dry weight, or even less. In this condition they appear
completely dry, but they recover normal function rapidly during rehydration. Such desic-
cation-tolerant photoautotrophic organisms are divided into two groups: (1) Those that
retain their chlorophyll content during desiccation are termed homoiochlorophyllous
(HDT), and (2) those that lose most of their chlorophylls are poikilochlorophyllous (PDT)
(Oliver and Bewley 1997). In PDT plants the photosynthetic apparatus with its pigments
and thylakoids disintegrates and disappears during desiccation (Tuba et al. 1993b, 1996b)
and has to be resynthesized de nove on rehydration (Tuba et al. 1993a, 1994; Sherwin
and Farrant 1996). In contrast, HDT plants preserve their photosynthetic apparatus during
desiccation in a state from which it can recover quickly and fully at rehydration (Sherwin
and Farrant 1996; Tuba 1996a).

For vascular plants, 60—-70 species of pteridophytes, and at least 60 species of an-
giosperms exhibit desiccation-tolerant vegetative tissues. The only major class of vascular
plants without representative desiccation-tolerant species is the gymnosperms (for reviews,
see Bewley and Krochko 1982; Oliver 1996; Oliver and Bewley 1997). However, many
angiosperms and gymnosperms do produce desiccation-tolerant propagules in the form of
seeds and pollen. Thus, desiccation tolerance is one of the most fundamental principles
for resting stages of plant development, including dormancy of seeds, spores, and pollen,
as well as the survival of resurrection plants and lichens under drought. In spite of the
drastic variation in anatomy and physiology of desiccation-tolerant organisms, such as
algae, bacteria, mosses, lichen-forming fungi, or vascular plants, these organisms could
have developed similar molecular mechanisms that protect them from the deleterious ef-
fects of cellular desiccation. For comprehensive reviews of desiccation tolerance in plants,
including physiological responses to desiccation and rehydration, refer to Bewley (1979),
Gaff (1989), and Bewley and Krochko (1982). Oliver and Bewley (1997) concentrated on
the idea that desiccation tolerance is a balance between two fundamental processes: cellular
protection from desiccation- and rehydration-induced damage, and the repair of the damage,
that does occur. Most DT plants probably employ aspects of both (Oliver 1996).
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Several strategies for coping with damages resulting from cellular desiccation during
seed maturation have been recently reviewed (Leprince et al. 1993). For a review on
deteriorative changes associated with the loss of viability of DT and desiccation-sensitive
seeds, refer to Smith and Berjak (1995). Leprince et al. (1993) discuss the presence of
high amounts of nonreducing sugars, the expression of desiccation and/or abscisic-acid
(ABA)-regulated genes, and the capability of free—radical-scavenging systems as impor-
tant mechanisms to overcome desiccation. Nonreducing sugars, such as trehalose and su-
crose, may substitute for water by forming hydrogen bonds, thereby maintaining hydro-
philic structures in their hydrated orientation (Crowe et al. 1988, 1992). This way, they
may help stabilize proteins and membranes under dry conditions. Nonreducing sugars are
also thought to promote the formation of a * glass-phase’’ in the cytoplasm, a process that

-is known as vitrification. In the glassy state, the cytoplasm is characterized as a liquid

solution, with the viscous properties of a solid. Benefits resulting from vitrification for the
quiescent seed are numerous. Owing to the high viscosity of the cytoplasm, chemical
reactions are strongly slowed down. Consequently, degenerative processes, such as alter-
ations in ionic strength and pH, and crystallization of solutes, are prevented. The glass
phase also fills space, thus preventing cellular collapse following desiccation.

Popp and Smirnoff (1995) review the role of polyols in plants during water stress.
Polyols (polyhydric alcohols), such as sorbitol and mannitol, also accumulate in plants
during water deficit. Cyclic polyols are termed cyclitols (e.g., inositol). Such polyols may
have the property of scavenging hydroxyl radicals. Moreover, cyclitols may play a role as
cryoprotectants, similar to that suggested for sugars (Crowe et al. 1984), through inter-
action between cyclitols and membranés. Whether sugars and polyols play a role in des-
iccation tolerance in lichens is unknown, but certainly they contain high concentrations of
these compounds (Roser et al. 1992).

Water deficit or any treatments affecting the cellular water potential, such as ABA,
lead to expression of the so-called late embryogenesis abundant (LEA) proteins. The latter
are rich in hydrophilic amino acids and have only few hydrophobic residues. Therefore,
they are largely water-soluble and have high hydration levels that may contribute to seed
adaptation to desiccation (citations in Leprince et al. 1993). Such water stress proteins
(dehydrins) are believed to accommodate water loss (see Oliver and Bewley 1997). More-
over, analysis of protein profiles on rehydration of desiccation-tolerant tissues has enabled
the identification of rehydration-phase—specific proteins, the so-called rehydrins (Oliver
1996), Bauemlein et al. (1995) suggested that the present-day seed globulins of spermat-
ophytes have evolved from a group of ancient proteins functioning in cellular desiccation—
hydration processes. These authors reported that the amino acid sequences of legumin and
vicilin domains share significant similarities to the germination-specific germins of wheat,
as well as to the spherulation-specifi¢c spherulins of myxomycetes that are thought to be
involved in tissue desiccation or hydration. Dehydrin-like proteins are also inducible by
the desiccation—rehydration process in cyanobacteria, most extensively investigated in
Nostoc commune (citations in Oliver and Bewley 1997). It was also suggested that des-
iccation tolerance of the lichen Peltigera horizontalis may depend on the accumulation of
dehydrin-like proteins (e.g., Schulz 1995).

Abscisic acid appears to be involved in the acquisition of desiccation tolerance (Ol-
iver and Bewley 1997, for review), as described, for example, for alfaifa seeds, (Xu and
Bewley 1995) and in the enhancement of the ability to withstand drying conditions of the
desiccation-tolerant fern Polypodium virginianum (Reynolds and Bewley 1993). ABA was
also reported to be involved in desiccation tolerance of liverworth gametophytes (Hellwege
et al. 1994, 1996) and moss protonema (Werner et al. 1991), possibly through the induction
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of dehydrin-like proteins synthesis. The presence of dehydrins was also correlated with
high ABA contents in various recalcitrant seeds by Farrant et al. (1996). However, the
significance of ABA to overcome desiccation in lichens has not yet been studied.

Beckett (1995) found that desiccation tolerance in lichens was directly related to the
proportion of potassium contributing to the osmotic potential, suggesting that low con-
centrations of cytoplasmatic potassium are important for desiccation tolerance.

Desiccation tolerance of dormant seeds is also based on their capability to scavenge
desiccation-induced free radicals (Leprince et al. 1993). Indeed, desiccation-induced free
radicals were found in numerous tissues, and desiccation tolerance has been correlated
with the maintenance or synthesis of antioxidants, such as glutathione (y-glutamyl-cysteinyl-
glycine; GSH), ascorbic acid (AA), or tocopherols, and/or of enzymes scavenging cytotoxic
oxygen species, such as superoxide dismutase, catalase, or peroxidases (PO) (citations in
Kranner and Grill 1996, 1997¢).

E. Free—Radical-Scavenging Pathways

Much evidence exists that the function of antioxidants in plant and animal tissue is to
scavenge free radicals. The main free radical scavengers found in biological systems are
reduced glutathione, ascorbic acid, a-tocopherol, and carotenes (for review of oxidative
stress-induced reactions of antioxidants see Smirnoff 1993; Elstner and OBwald 1994).
The xanthophyll cycle pigments serve to dissipate excess excitation energy, thus preventing
formation of singlet oxygen. Antioxidant functions are associated with lowered DNA dam-
age and diminished lipid peroxidation. By investigating the GSH content of algae and
fungi, isolated from the lichen Usnea filipendula, Kranner et al. (1992) demonstrated that
the major part of GSH is present in the mycobiont. This may mean that the mycobiont
has a substantial requirement for antioxidants.

GSH reacts rapidly with "OH, 'O, and, together with AA is involved in removal of
H,0,. AA also reacts rapidly with O;7, "OH, and 'O, (Halliwell 1987). a-Tocopherol is
the major radical scavenger in biological lipid phases, such as membranes. It is a powerful
scavenger of 'O, and of lipid peroxides, Eq. (9). The resulting tocopheryl radical can be
reduced back to tocopherol by ascorbic acid. In plants, a-tocopherol appears to be con-
centrated in photosystem II; however, it was not found in ascomycetes (Esterbauer, per-
sonal communication). GSH and AA are present in aqueous compartments, their reducing
power being used in radical (such as the reduction of the tocopheryl radical) and nonradical
redox reactions.

Lipid-O;~ + oTH — lipid-OOH + oT" )

Carotenoids, such as B-carotene and the xanthophyll-cycle pigments, act as antiox-
idants in lipid phases by quenching 10, and electronically excited molecules that are
produced by photoexcitation or chemiexcitation reactions. They further react with peroxyl
and alkoxyl radicals.

The xanthophyll cycle is thought to protect plants from excess excitation energy that
would lead to formation of singlet oxygen [see Egs. (3) and (4)]. Here, the zeaxanthin
formed from a precursor (violaxanthin, by the intermediate antheraxanthin) is thought to
act as a protective pigment. In the xanthophyll cycle, stepwise removal (deepoxidation)
of two oxygen functions (the epoxy groups) in violaxanthin results in a lengthening of the
conjugated system of double bonds from 9 in violaxanthin, to 10 in antheraxanthin, to 11
in zeaxanthin (e.g., Siefermann-Harms 1977; Demmig-Adams and Adams 1996a,b). Epox-
idation and deepoxidation are enzyme-catalyzed events. The deepoxidase reaction requires
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light, reducing conditions, and probably ascorbate [Eqs. (10) and (11)]. The epoxydase
reaction requires molecular oxygen and NADPH [Eqgs. (12) and (13)]. Demmig-Adams
and co-workers have investigated the xanthophyll cycle in lichens in detail.

Violaxanthin + ascorbate — antheraxanthin + H,O + dehydroascorbate (10)
Antheraxanthin + ascorbate — zeaxanthin + H,O + dehydroascorbate (1D
Zeaxanthin + NADPH + H* + O, — antheraxanthin + NADP" + H,0O 12)
Antheraxanthin + NADPH + H* + O, — violaxanthin + NADP* + H,O  (13)

Other compounds, such as flavonoids, sugars, polyols, proline, and polyamines are
believed to have antioxidant properties (citations in Smirnoff 1993). Phenolic substances
in lichens are also likely to be involved in antioxidant processes. There are numerous
papers demonstrating the antioxidant activities of phenolic compounds in higher plants
(for review, see Rice-Evans et al. 1996). By exposing conifers to oxidative stress (0zone),
Sandermann et al. (1989) reported the stress-induced production of phenolic components
in Pinus silvestris. When we consider the extraordinary high amounts of various phenolic
compounds in lichens (Elix et al. 1984), studies on the antioxidant properties of phenolic
compounds and on formation of phenoxy radicals may greatly improve our understanding
of the lichen symbiosis. For a comprehensive review on the chemistry of lichen products
and of secondary biochemistry of lichens refer to Elix et al. (1984), Fahselt (1994), and
to the work of Culberson (such as Culberson 1969, 1970; Culberson et al. 1977; Culberson
and Elix 1989). In lichens, the formation and reactions of phenoxyl radicals have not yet
been investigated. Phenoxyl radicals are intermediates of one-electron oxidation of phe-
nolic compounds by various peroxidases. Reactions of phenoxyl radicals with NADPH-
cytochrome P-450 oxidoreductase and NADPH have been. studied in human tissues (Gold-
man et al. 1997). This study provides evidence that the phenoxyl radical can be reduced
enzymatically by transfer of electrons from NADPH by the FAD/FMN of the NADPH-
cytochrome P-450 oxidoreductase pathway. Antioxidant activity of lichen depsides and
depsidones was assessed by studying their effects as inhibitors of rat brain homogenate
and B-carotene oxidation (Hidalgo et al. 1994). Armaleo (1995) suggested that, in the
isolated lichen mycobiaont Cladonia grayi, the grayanic acid pathway might function in
scavenging oxygen radicals. However, he did not find a specific response of the mycobiont
to oxidants, indicating that this pathway may not act as a general redox sink for free
radicals.

Finally, cytotoxic oxygen species are scavenged by enzymatic pathways that include
reactions of superoxide dismutase (SOD), ascorbate peroxidase (AP), and other peroxi-
dases, as well as mono- and dehydroascorbate reductases, glutathione reductase (GR), and
catalase (for an overview, see Elstner and OBwald 1994).

All aerobic organisms contain superoxide dismutases that are metalloproteins cata-
lyzing the dismutation of superoxide to hydrogen. Thus, O, is removed rapidly, further
conversion into "OH is prevented, and ground-state oxygen, rather than singlet oxygen, is
formed, Eq. (14).

0;” + 0, + 2H" = H,0, +°0, (14)

Peroxidases catalyze hydrogen peroxide-dependent oxidation of substrates (S) fol-
lowing Eq. (15), here described for AP, Eq. (16), and glutathione peroxidase [GP; Eq.

ani.
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SH, + H,0, —» S + 2H,0 (15)
2H* + ascorbate + H,0, — dehydroascorbate + 2H,0O (16)
2 GSH + H,0, — GSSG + 2H,0 an

Plants probably do not possess a selenium-containing GP, as frequently described
for animal tissues. Plants contain a wide range of peroxidases, with a broad specificity for
substrate, detected by using artificial substrates (guaiacol or o-dianisdine). The identity of
the natural substrate is often unknown. Yeast contains a membrane-bound glutathione
peroxidase that is inducible by lipid hydroperoxide (LOOH) or by reactive oxygen species
(Miki et al. 1996).

Catalases break down high concentrations of H,0, [Eq. (18)] very rapidly, but are
much less effective than peroxidases at removing H,O, present in low concentrations
because of their low affinity (High K,,) for this substrate.

2H,0, —» H,0 + O, (18)

A well-balanced interplay of antioxidants and enzymes in scavenging cytotoxic ox-
ygen species was first suggested by Foyer and Halliwell (1976). They postulated an
ascorbate—glutathione cycle (Fig. 2) for the scavenging of the H,O, derived from super-
oxide, catalyzed by SOD. This cycle is best known for eliminating the risk of oxidation
of enzymes by H,O, in chloroplasts. It involves reactions of GSH, AA, GR, AP and mono-
and dehydroascorbate reductases. Moreover, this cycle may also be linked to the lipid-
soluble antioxidant a-tocopherol that protects membrane proteins from free radical reac-
tions (Finckh and Kunert 1985).

F. Physiological Adaptation to Desiccation-Induced Oxidative Damage

Seel et al. (1991) showed that the formation and accumulation of free radicals were the
same in desiccation-sensitive (Dicranella palustris) and desiccation-tolerant (Tortula rur-
aliformis) mosses. However, Seel et al. (1992) showed that, unlike the sensitive species,
the desiccation-tolerant moss seemed to have the capacity for activating and maintaining
its antioxidant system on dehydration. Desiccation caused a significant increase in SOD
activity, but did not affect the activities of peroxidase and AP in T. ruraliformis. In contrast,
desiccation, in combination with irradiance, led to a decrease in peroxidase activity in D.
palustris, but had little effect on the activities of other oxygen-processing enzymes. The
extrachloroplastic enzyme catalase was sevenfold more active in hydrated T. ruraliformis-
than in D. palustris, but desiccation resulted in significantly decreased enzyme activity in
both species. During desiccation, a depletion of AA occurred in both species. When T.
ruraliformis was desiccated in light, the authors reported synthesis of y-tocopherol and
maintenance of a-tocopherol and glutathione. Activities of the antioxidant-recycling en-
zymes, dehydroascorbate reductase and GR, were not significantly increased by desiccation
in either moss. These authors did not find that desiccation caused any cellular damage in
the desiccation-tolerant moss, but water removal in the desiccation-sensitive species led
to destruction of chlorophyll, loss of carotenoids, and increased lipid peroxidation. In the
desiccation-sensitive species, this cellular damage was correlated with the depletion of the |
antioxidant system (Seel et al. 1992). These results indicate that in T. ruraliformis a series
of desiccation- and rehydration-phase mechanisms, providing protection from desiccation-
induced damage, may be more important than rehydration-phase mechanisms that provide
repair during rehydration. These results agree with reports from higher plants. Hendry et
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al. (1992) associated desiccation in seeds of the recalcitrant (i.e., desiccation-sensitive)
species Quercus robur with loss of viability, a rise in lipid peroxidation, and a buildup of
free radicals. These authors suggest that the decay of the defense mechanisms occurring
during the storage and, thus desiccation of the seeds, was directly linked with lipid per-
oxidation and free radical formation. These events could contribute to a loss of viability
for recalcitrant seeds.

Desiccation of pea nodules subjected to water stress (Gogorcena et al. 1995) caused
a decrease in the activities of catalase, AP, dehydroascorbate peroxidase, and SOD, and
in the contents of AA, GSH, GSSG, NAD(P)", and NAD(P)H*. The authors suggested
that the decline in antioxidant capacity of the drought-stressed nodules might result from
restricted supply of NADPH required for the ascorbate—glutathione pathway, and from the
Fe-catalyzed Fenton reaction of AA and GSH with activated oxygen. Drought tolerance
of desiccation-tolerant varieties of Sorghum bicolor was also correlated with diverse re-
sponses in the antioxidant system, such as increased levels of SOD and catalase (Jagtap
and Bhargava 1995). Drought tolerance was also correlated with the enzymatic defense
against lipid peroxidation and high proline content in sugar beet cultivars (Stajner et al.
1995). For maize, it was demonstrated that the ability to reduce damaging effects of
chilling-induced free radicals was associated with increased enzymatic antioxidant systems,
such as catalase, SOD, or peroxidases (Zhang et al. 1995).

Other important studies on antioxidants and activated oxygen-processing enzymes in
desiccated and subsequently rehydrated mosses include those of Dhindsa (1987, 1991),
who examined glutathione and its effects on protein synthesis in 7. ruralis. Dhindsa dem-
onstrated that the speed of dehydration affects the oxidation—reduction processes of glu-
tathione during rehydration. Oxidation of glutathione and activation of the enzymes GR,
GP, and glutathione-S-transferase (GST) were induced only by desiccating the moss slowly.
Rapid dehydration did not lead to either oxidation of glutathione or activation of these
enzymes. However, glutathione was oxidized and these enzymes were activated on rehy-
dration, following the rapid dehydration (Dhindsa 1987, 1991). This leads to the conclusion
that the moss had received a drought stress-induced signal for oxidizing glutathione and
activating GR, GP, and GST, but the response to this signal was not possible when the
moss was desiccated too rapidly. The plant could respond to the signal only during the
subsequent rehydration. Dhindsa also found a positive correlation between levels of oxi-
dized glutathione (glutathione disulfide, GSSG) during rehydration following rapid dehy-
dration and levels of lipid peroxidation and solute leakage, but a negative correlation with
the rate of protein synthesis. The inhibition of protein synthesis by high GSSG concen-
trations was also reported by several other authors (Fahey et al. 1980; Jackson et al. 1983).
Ermst et al. (1978, 1979) described such a mechanism for animal tissues. They demon-
strated that GSSG activates a protein kinase that phosphorylates and thereby, inactivates
the a-subunit of initiation factor 2.

Tuba et al. (1996a) reported photosynthetic responses of the DT moss T. ruralis and
two DT lichens, Cladonia convoluta and C. furcata, to short periods of desiccation. They
reached the conclusion that desiccation tolerance in lichens and bryophytes must be largely
achieved through cellular protection implemented during the dehydration process. They
mentioned that the ability of desiccated cells to retain most of their normal configuration
and structural integrity is an important feature of DT plants. Indeed, during desiccation,
neither the DT moss nor lichen photobiont showed significant changes in chlorophyll and
carotenoid contents nor in the chlorophyll/carotenoid ratio. The authors remarked that, in
spite of the importance of repair processes, a mechanism necessitating major repair after
each desiccation period would not be viable in a rapidly changing environment in which
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conditions allowing photosynthesis are restricted to short periods of the day. Mosses with
unistratose leaves, and lichens with water-permeable thalli lacking a cuticule, can absorb
and lose water very rapidly and are thus highly adapted to a rapidly changing environment.

Anatomical studies on lichens aimed at visualizing structural alterations induced by
drought at the mycobiont--photobiont interface were completed for two cyanobacterial and
three green algal macrolichens (Honegger et al. 1996). In the hydrated state, free water
was confined to the symplast and the apoplast; no intercellular water was found in the
gas-filled thallus interior of all species. Drought stress caused dramatic shrinkage and
deformation in all cell types. Although the cytoplasm of both partners was strongly con-
densed in desiccated lichens, the membrane systems were very well preserved. This in-
dicates a well-functioning protection from desiccation-induced lipid peroxidation.

Ascaso et al. (1988) reported that, in phycobiont cells of Parmelia laevigata, des-
iccation causes collapse of tubules in pyrenoids. On rehydration the lumen of these tubules
reappeared. Brown et al. (1987) reported desiccation-induced ultrastructural changes in the
pyrenoid structure of Parmelia sulcata. As rehydration restored pyrenoids to their original
dimensions, they noted that pyrenoid proteins probably become dispersed, rather than
degraded by desiccation, thereby indicating the importance of a desiccation—rehydration-
phase protection mechanism.

It was clearly demonstrated by Lange and co-workers that lichens with green-algal
photobionts can absorb enough moisture from atmospheric water vapor to photosynthesize.
In contrast, lichens with cyanobacterial photobionts, in general, require liquid water for
recovering the ability to photosynthesize after dehydration (e.g., Lange et al. 1989). How-
ever, desiccated cyanobacteria in axenic cultures (isolated from lichens) show water vapor
activation of net photosynthesis (Lange et al. 1994a). Generally, poikilohydric DT plants
made use of liquid water from dew, mist droplets, or rain, to recover from desiccation.
For most lichens, desiccation and rehydration cycles are physiologically important factors.
The effect of water content in lichen thalli on photosynthesis (for review on photosynthesis
of poikilohydric plants, see Green and Lange 1994) and respiration (for review on water
relations of lichens, refer to Rundel 1988) have been abundantly documented (e.g., Lange
et al. 1990, 1993, 1994b, 1996; Nash et al. 1990; Bilger et al. 1989; Biidel and Lange
1991; Green et al. 1994; Scheidegger et al. 1995). However, studies on antioxidant defense
mechanisms for protection against desiccation-induced oxidative damage in lichens are
rare. Only recently were antioxidants, especially glutathione, shown to play an important
role in lichens to overcome desiccation periods (Kranner and Grill 1994, 1997a,b; for
review, see Kranner and Grill 1996, 1997c¢).

Demmig-Adams and co-workers revealed the importance of the xanthophyll cycle
for scavenging activated oxygen in lichens. Zeaxanthin (but not the epoxides of the xan-
thophyll cycle) was frequently found in lichens with cyanobacterial photobionts that also
contained remarkable amounts of ketocarotenoids (Adams et’al. 1993). By investigating
the effect of high light levels on the two symbiotic partners of a Pseudocyphellaria phy-
cosymbiodeme (P. rufovirescens with a green algal photobiont and P. murrayi with a
cyanobacterial photobiont), Demmig-Adams et al. (1990b) reported that thallus lobes with
green algae exhibited strong nonphotochemical fluorescence quenching, indicative of the
radiation-free dissipation of excess excitation energy, whereas lobes with blue-green algae
did not possess this capacity. In contrast, a group of cyanobacterial lichens that had formed
zeaxanthin slowly through reactions other than the xanthophyll cycle, showed a very sim-
ilar response to that of leaves and green algal lichens (Demmig-Adams et al. 1990a).
These authors correlated the pronounced difference in the capacity for photoprotective
energy dissipation in the antenna chlorophyll between (zeaxanthin-containing) green algal
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lichens and (zeaxanthin-free) cyanobacterial lichens with the presence or absence of zeax-
anthin. They proposed that this difference can explain the greater susceptibility to high
light stress in lichens with cyanobacterial photobionts.

For investigating adaptation mechanisms that allow air pollution-resistant lichens
surviving in polluted areas, Silberstein et al. (1996) evaluated possible air pollution-pro-
tection mechanisms in Xanthoria parietina, a lichen persisting in fairly heavily polluted
areas, and in Ramalina duriaei that is disappearing readily in air-polluted regions. Xan-
thoria parietina has multiple protective mechanisms, among which there are increased
detoxification of active oxygen species, increased GSH content, and the occurrence of
anthraquinones, mainly parietin, that might have antioxidant properties, according to La-
wrey (1984).

G. Glutathione Plays a Major Role for Desiccation-Tolerant Plants
and Lichens

Glutathione, the most abundant low molecular weight thiol in plants, fulfills significant
biological functions. Besides its function in protecting cells from oxidative damage, it
regulates enzyme activities and synthesis of proteins and DNA (see Meister and Anderson
1983; Meister 1995). In higher plants, glutathione is the transport form of reduced sulfur
(Rennenberg 1982). It has also been postulated that this tripeptide plays a role in the
detoxification of heavy metals (Rauser 1993) and xenobiotics (Lamoureux and Russness
1993). One of the functions ascribed to glutathione is the maintenance of protein thiol
groups in the reduced state. In general, glutathione is the main redox buffer of cells (Gilbert
1995). Mutants of the yeast Saccharomyces cerevisiae deficient in glutathione synthesis,
were hypersensitive to H,0,, O;~ (Stephen and Jamieson 1996) and ¢-butyl hydroperoxide
(Grant et al. 1996). Despite this, these mutants were still able to induce adaptive stress
responses to oxidants (Stephen and Jamieson 1996). These results indicate, first, the im-
portance of glutathione and, second, the involvement of various other antioxidants and
enzymes in cellular protection from oxidative stress. The requirement for GSH in protec-
tion against oxidative stress is analogous with that in other eukaryotes, but unlike the
situation in bacteria, for which it is dispensable for growth during both normal and oxi-
dative stress conditions (Grant et al. 1996).

For DT plants, glutathione probably acts, first, as antioxidant (Kranner and Grill
1995), and secondly, as a protective for protein thiol groups (PSH) by forming protein-
bound glutathione (PSSG). This way, SH-compounds are protected from irreversible for-
mation of intramolecular disulfide bonds (Kranner and Grill 1996, 1997c). Support for this
hypothesis was given by Butt and Ohlrogge (1991), who demonstrated that glutathione
protects the acyl carrier protein (ACP) from oxidative damage in dry spinach seeds. They
showed that half of the ACP in mature seeds is conjugated to glutathione as ACP-S-S-G,
which accumulates during the final stages of seed development when the seed is in the
process of dehydration. Imbibition caused a dramatic decrease in ACP-S-S-G and appear-
ance of acylated and reduced ACP. Navari-Izzo et al. (1997) also discussed the glutathione-
dependent protection of SH groups of proteins during desiccation. They reported a loss in
total glutathione content (total glutathione = sum of GSH + GSSG) content during a 25-
day desiccation period in Boea hygroscopica. On day 12 of dehydration, the total gluta-
thione content was reduced to 24% of the control level and was present mainly in the
oxidized form. Simultaneously, oxidation of SH groups of soluble proteins occurred. After
22 days of desiccation, glutathione started to accumulate, and protection from further
oxidation of the SH groups of soluble proteins was established. However, during the whole
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desiccation period, SH groups of thylakoid proteins were maintained in the reduced form,
and the authors suggested a primary role for glutathione in protecting SH groups of thy-
lakoid proteins from desiccation-induced oxidation in B. hygroscopica.

Poikilohydric plants and lichens increase their pools of GSSG (Table 1) during des-
iccation, and they reduce these disulfides at recovery (Dhindsa 1987, 1991; Kranner and
Grill 1994, 1997ab; Sgherri et al. 1994a,b; Navari-Izzo et al. 1997). GSSG and PSSG
levels also increase in seeds and conidia of fungi during dormancy and the first stages of
germination (Fahey et al. 1975, 1978, 1980; Butt and Ohlrogge 1991; Kranner and Grill
1993; deVos et al. 1994).

The reduction of GSSG to GSH during the recovery of desiccated plants and lichens
that are tolerant to desiccation needs the activities of two enzymes: glutathione reductase

* and glucose-6-phosphate dehydrogenase. The latter is the key enzyme of the oxidative

pentose shunt that provides the NADPH required for the action of GR. Presumably this
pathway has special importance for resurrection plants that are not able to provide NADPH
from photosynthesis in the first stages of recovery following desiccation (Fig. 3).

Glucose-6-phosphate dehydrogenase was also reported to be induced by oxidative
stress in yeast (Tran et al. 1995; Miki et al. 1996), which suggests a role for G6PDH in
recycling the GSH pool in yeast exposed to oxidative stress (Fig. 4). These authors dis-
cussed the role of the oxidative pentose phosphate pathway in providing NADPH required
for the action of GR for the oxidative stress response in Hansenula mrakii exposed to
lipid peroxide.

Recently, changes in the redox status of glutathione and in the activities of GR and
G6PDH have been investigated during desiccation and rehydration of three lichens dif-
fering in their desiccation tolerance (Kranner and Grill 1997a,b). In general, all three
species are desiccation-tolerant; however, within these species there are different grades
of desiccation tolerance, with Pseudevernia furfuracea being the most desiccation-tolerant
and Peltigera polydactylon the least desiccation-tolerant of these three species. Lobaria
pulmonaria has an intermediate position.

Desiccation of these lichens for 2 months resulted in the loss of glutathione (15—
30% of the control content; Table 2), which can be explained by GSH-consuming pro-
cesses, such as scavenging of desiccation-induced free radicals or the formation of protein-
bound glutathione. Simultaneously, the GSH present in lichens in their natural habitat was
oxidized in all three lichens. Thalli desiccated for 2 months contained up to 93% of the
total glutathione in the oxidized form. This is the highest amount of GSSG, expressed as
a percentage of total glutathione, that was ever reported for any living organism. Several
authors have reported oxidation of GSH during desiccation of lichens and cryptogamic
plants, and during the maturation of seeds of angiosperms (see Table 1). It seems to be a
feature of drought-tolerant plants and lichens to oxidize GSH during dehydration. How-
ever, such desiccation-tolerant plants have a strong demand to reduce the accumulated
glutathione disulfide on recovery for at least two reasons: first, to prevent the GSSG-
mediated inhibition of protein synthesis and, second, to recycle and then maintain their
GSH pool.

Wetting thalli that were in a desiccated state for 2 months resulted in a rapid reduc-
tion of GSSG in the most desiccation-tolerant lichens, P. furfuracea and L. pulmonaria.
A pronounced delay was recorded for the most desiccation-sensitive lichen, P. polydactylon
(Kranner and Grill 1997b). The authors suggested that lichens obtained the NADPH re-
quired for the action of GR from the oxidative pentose shunt. The activity of GO6PDH was
decreased dramatically by dehydrating P. polydactylon and L. pulmonaria for 2 months,
whereas its activity was not affected in P. furfuracea. On rehydration, the G6PDH activity
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Table 2 Oxidation of GSH During a Desiccation Period of 2 Months and Reduction of GSSG®
During Their Rehydration as Described for Three Lichen Species

Species Desiccation Rehydration
Pseudevernia Oxidation of GSH (up to 89% GSSQG), Reduction of GSSG to the control
furfuracea loss of total glutathione (30% of the level (18%) within 5 min; GR

content of nondesiccated thalli); GR not affected, GGPDH slightly
activated, G6PDH not affected increased
Lobaria Oxidation of GSH (up to 93% GSSG), Reduction of GSSG to the control
pulmonaria loss of total glutathione (23% of the level (18%) within 5 min; GR
content of nondesiccated thalli); GR not affected, GGPDH
not affected, G6PDH dramatically dramatically increased
decreased
Peltigera Oxidation of GSH (up to 71% GSSG), Reduction of GSSG only to 30%
polydactylon loss of total glutathione (15% of the of total glutathione within 60
content of nondesiccated thalli); GR min (not to the control level);
slightly, G6PDH dramatically GR not affected, G6PDH not
decreased significantly increased

*GSSG is given as a percentage of total glutathione. The three investigated lichen species show different grades
of desiccation tolerance. Of these three species, P. furfuracea is the most tolerant to desiccation, P. polydactylon
the least tolerant, and L. pulmonaria is intermediate.

Source: Kranner and Grill (1997a,b,c).

significantly increased in P. furfuracea and in L. pulmonaria, but not in P. polydactylon.
From these results, the authors concluded that the reduction of GSSG during rehydration
of P. polydactylon might be limited by the availability of NADPH. Furthermore, they
suggested a correlation between desiccation tolerance and the capacity to reduce GSSG
on rehydration, and that this reduction of GSSG depends on the ability to activate or
maintain the activities of the enzymes GR and G6PDH. Moreover, in these three lichen
species the capability to activate G6PDH reflects the lichens different grades of desiccation
tolerance.

The glutathione metabolism of desiccated—rehydrated lichens appears similar to that
occurring in dormant or germinating pea seeds (Kranner and Grill 1993). Dormant pea
seeds contained rather high amounts of GSSG (24% of total glutathione) that were reduced
to 3% of total glutathione within the first 14 h of imbibition; GR and G6PDH were active
during this time. As for the recovery of desiccation-tolerant plants on rehydration, the
authors concluded that during the initial stages of germination, pea seeds obtain NADPH
required, as cosubstratum of GR, from the pentose phosphate pathway. This indicates that
the biochemical pathways that allow recovery from desiccation may depend on similar
principles both for seeds during dormancy and the first stages of germination, and for
desiccation-tolerant plants and lichenized fungi during desiccation and rehydration.

In most tissues, glutathione is maintained in the reduced state by the action of GR.
If we consider the antioxidant properties of GSH, the accumulation of GSSG is correlated
with increased oxidative stress. However, from several observations reported in the liter-
ature, it was recently proposed that GSSG plays a central role in overcoming the stresses
associated with the resting stages of plant development, including dormancy of seeds and
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desiccation of resurrection plants (Kranner and Grill 1996). This hypothesis assumes that
protein thiol groups are protected from irreversible autooxidation by the reaction of GSSG
with protein thiol groups (PSH), thus forming protein-bound glutathione (PSSG) and GSH
during desiccation. With extreme desiccation, the GSH formed by the reaction of GSSG
with PSH is oxidized further leading to high concentrations of PSSG and GSSG in the
desiccated tissue. In this state, PSH and GSH are protected from desiccation-induced
oxidative injury, such as irreversible formation of intramolecular cross links in proteins or
uncontrolled oxidation of SH groups (e.g., to sulfonic acids).

Although the mechanism and significance of the formation and the accumulation of
GSSG in dehydrated tissues are not clearly understood, GSSG can be formed from GSH
by several pathways. First, the oxidation of GSH by oxygen may occur spontaneously as
a metal-catalyzed reaction. Moreover, a high concentration of thiyl radicals will lead to
dimerization of these radicals, leading to autooxidation of GSH or PSH. Another possibility
for the oxidation of GSH is an enzyme-catalyzed reaction that leads to the formation of
GSSG. As outlined for horseradish peroxidase by Pichorner et al. (1992) and Burner and
Obinger (1997), plant peroxidases have a thiol-oxidase function in vitro. In the course of
oxidation of thiols by peroxidases, thiyl radicals are formed that undergo several free
radical conjugative reactions. In aqueous solutions thiyl radicals show complex behavior.
Several reactions of thiyl radicals are outlined by Burner and Obinger (1997), among them
dimerization of thiyl radicals to the corresponding disulfides. An increase in the activity
of glutathione peroxidase has been reported by Dhindsa (1991) for mosses under drought
stress. Such enzyme-catalyzed oxidation of GSH to GSSG during drought could be inter-
preted as an adaptation mechanism that provides the required high levels of GSSG for the
reaction of GSSG and PSH (DH 2; Fig. 5). After reoxidation of the GSH derived from
the last reaction, PSSG and GSSG represent stable states that allow a protection from
further oxidation of both.

The results of Kranner and Grill (1997a,b) suggests that, in lichens, cellular protec-
tion from desiccation- and rehydration-induced damage may be at least as important as
repair of the damage during rehydration. Moreover, these results indicate that lichens are
extremely well adapted to the dehydration—rehydration process. Considering that the major
part of GSH seems to be present in the mycobiont (Kranner et al. 1992), this may lead to
the conclusion that, during transition to a lichenized state, adaptation to desiccation (in-
cluding adaptation to desiccation-induced oxidative damage) has evolved from increased
oxidative stress on the mycobiont.

IV. SUMMARY

Studying the origin and evolution of lichen symbioses can provide important clues for
determining the nature and intensity of the initial stress on the fungal and photobiotic
(green alga and/or cyanobacterium) partners. Recent molecular phylogenetic studies based
on the large and small subunit nrfRNA genes provide evidence that successful transitions
to a lichenized state were very rare during the evolution of ascomycetes, in which more
than 98% of the lichen diversity is found. These results imply that evolutionary transitions
toward the establishment of stable lichen symbioses are complex and initially involve high
stresses on at least one of the symbionts. To identify the nature of these stresses and the
symbiont affected by them, the Omphalina—Coccomyxa lichen model system was used.
Four major evolutionary consequences were found in the fungal species derived from this
specific transition to a lichenized state: (1) a slow growth in axenic culture of the myco-
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Figure 5 Glutathione disulfide-dependent protection of protein thiol groups during desiccation of
plants and lichens, as described by Kranner and Grill (1996). This cycle is organized in dehydration
(DH) and rehydration (RH) steps. The cycle starts in the fully hydrated state (left part of the cycle)
during which glutathione is mainly present as GSH. Dehydration step 1 starts with the oxidation of
GSH to GSSG. The authors propose an enzymatic reaction, maybe catalyzed by peroxidases that
use GSH as substrate. In dehydration step 2 the formation of mixed disulfides yields PSSG and
GSH. The participation of enzymes remains unclear. In dehydration step 3 the GSH formed in
dehydration step 2 is oxidized to GSSG, possibly by peroxidases, as described for dehydration step
1. At this point, the tissue is in the dehydrated state. On rehydration step 1 GSSG is reduced to
GSH by the action of GR. Rehydration step 2 implicates the reaction of GSH and PSSG, yielding
reduced protein thiol groups and GSSG. After rehydration step 3 the fully hydrated state is reached,
leading to reduction of GSSG to GSH by GR. If no further dehydration follows, the normal met-
abolic processes are started. During desiccation, more than 90% of total glutathione present in
lichens can occur as GSSG. At rehydration they are able to reduce this high GSSG content within
2-5 min to the control content of 10—20%. Glutathione reductase and glucose-6-phosphate dehy-
drogenase have high activities in desiccation-tolerant lichens during the desiccation—rehydration
process (Kranner and Grill 1997a,b). During a prolonged rehydration process, lichens may be able
to switch between the pentose phosphate pathway (fungi and algae) and photosynthesis (algae).
Such interactions between algae and fungi have been neglected so far. (From Kranner and Grill
1997c; adapted from Kranner and Grill 1996.)

biont, suggesting a strong dependency on the algal partner (this dependency was not
reciprocal); (2) a trend toward the loss of the dikaryotic state, which could provide a
mechanism for a more efficient repair of DNA damage; (3) a variable number of spores
per basidium, which could reflect a meiotic defect; and (4) a remarkable increase in rates
of nucleotide substitution. From these potential consequences resulting from a transition
to a lichen state, three sources of stress were identified: higher solar radiation, higher
desiccation levels, and higher ambient oxygen levels. Therefore, a transition to a lichenized
state is very likely associated with increased oxidative stress on the mycobiont. First, the
fungus is associated with oxygen-producing photobionts; second, they are exposed to in-
creased environmental stresses, such as sun irradiation and desiccation, leading to for-
mation of free radicals. Elevated oxygen levels lead to formation of reactive oxygen spe-
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cies, such as hydrogen peroxide, superoxide, singlet oxygen, and the hydroxyl radical.
These radicals are capable of damaging almost all biologically relevant molecules, such
as proteins, carbohydrates, lipids, and DNA. Plants and lichenized fungi possess several
mechanisms that help reduce the deleterious effects of oxidative stress, including desic-
cation-induced oxidative stress. Although these include the well-known free—radical-scav-
enging pathways, recent studies on lichens suggest that glutathione may play a more
important role than previously suspected. In addition to overcoming free radical attack,
glutathione may be involved in a thiol—disulfide cycle that protects protein thiol groups
from desiccation-induced autooxidation. The significance of other antioxidants from over-
coming desiccation have not yet been elucidated in lichens.
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