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Extracellular reactive oxygen species production by lichens

Richard Peter BECKETT, Farida V. MINIBAYEVA and Zsanett LAUFER

Abstract: This review discusses the production of reactive oxygen species (ROS) by lichens and their
possible roles. All organisms produce ROS, and production is increased by many abiotic and biotic
stresses. Intracellular ROS production is generally considered to be harmful, and a variety of enzymic
and non-enzymic scavenging systems exist to detoxify them. However, extracellular ROS formation
has been suggested to play ‘positive roles’, particularly in the response of organisms to stress. Given
their high stress tolerance, it is rather surprising that studies on extracellular ROS production by
lichens have just started. Surveys of a wide range of lichens have shown that constitutively high rates
of extracellular superoxide production occur in the Suborder Pelrigerineae, but production appears to
be absent in other groups. In some members of the Peltigerineae ROS production is stimulated by
desiccation and wounding. It seems probable that the enzymes that produce the superoxide are
laccases, based on first the types of substrates that lichens can break down, and second the
dependence of the breakdown of these substrates on pH, temperature and the presence of inhibitors.
While much more work is needed, we suggest that physiological roles of extracellular ROS production
will be found to include defence against pathogens, melanization, and lignin breakdown.
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Introduction many biological processes, it is perhaps sur-
prising how little we know about their
metabolism in lichens. The first part of this

review briefly summarizes the literature data

One of the paradoxes of life on our planet is
that oxygen, the molecule supporting all

aerobic life, is involved in many degenerative
processes and illnesses (Marx 1985;
Skulachev 2000, 2002). The high oxidizing
ability of oxygen, necessary for its role in
respiration, allows it to participate in other
chemical reactions that form ‘reactive oxy-
gen species’ or ROS. Once the atmosphere
of the Earth had become oxygenated as a
by-product of photosynthesis, organisms
needed to develop effective ways to prevent
the toxic action of ROS. However, recently it
has become apparent that these molecules
also play positive roles in the physiology of
organisms. Given the importance of ROS in
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on ROS formation, toxicity, and possible
beneficial effects in higher plants and free-
living fungi. The second part of the review
discusses our recent findings on extracellular
ROS metabolism by lichens, specifically,
which lichens readily form them, and the
enzymes responsible. The review concludes
with some suggestions for the physiological
significance of ROS formation in lichens,
and ideas for future research.

Biological ROS formation

Free radicals are atoms or molecules with an
unpaired electron. This unpaired electron is
readily donated, and as a result, most free
radicals are highly reactive. Oxygen radicals
include superoxide (O,- ), the hydroxyl
radical (-‘OH) and the nitric oxide radical
(NO-). Together with singlet oxygen (*O,)
and hydrogen peroxide (H,0,), which are
not free radicals but are nevertheless highly
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reactive, these molecular species are termed
ROS. Reactive oxygen species are produced
as by-products of oxygen-dependent reac-
tions during normal metabolism, although
most biotic and abiotic stresses enhance
their production. The brief outline below
summarizes the most important pathways
that produce ROS, and the general reactivity
of the various species. Full details of these
reactions can be found in Kranner and
Lutzoni (1999).

Singlet oxygen is formed inside cells, par-
ticularly in the photosynthetic apparatus.
Light energy trapped by chlorophyll mol-
ecules can be transferred to >0, (triplet
oxygen, ground state oxygen), forming sin-
glet oxygen (*O,, reactions 1 and 2). Singlet
oxygen can react directly with polyunsatu-
rated fatty acid side chains to form lipid
peroxides (Halliwell 1987).

P+light — P* (excited pigment) (1)

P*+°0,—'0,+P 2)
The superoxide anion is formed by the cap-
ture of an electron by oxygen, and its forma-
tion is an unavoidable consequence of
aerobic respiration (Msgller 2001). Nor-
mally, when the terminal oxidases, cyto-
chrome ¢ oxidase and the alternative
oxidase, react with oxygen, four electrons
are transferred and water is the product
(reaction 3).

30,+4e  +4H*—>2H,0 3)
However, triplet oxygen can also react with
other electron transport components from
which only one electron is transferred, thus
forming O, . Up to 4% of the oxygen
consumed by cells can be converted to O,
(Mgller 2001). In addition, enzymes such
as nitropropane dioxygenase, galactose oxi-
dase, and xanthine oxidase catalyse oxi-
dation reactions in which a single electron is
transferred from the substrate onto oxygen
to produce O, (reaction 4).

20,+e =0,
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Autooxidation of some reduced compounds
(e.g., flavins, pteridines, diphenols, and
ferredoxin; reaction 5) can also transfer a
single electron to oxygen to produce O,
(Halliwell 1987; Halliwell & Gutteridge
1999).

Ferredoxin,,c.qt -0,
— Ferredoxin,gieqt 02~ (5)

In the cell wall and plasma membrane
NAD(P)H oxidases, peroxidases, poly- and
diaminooxidases and laccases can form
extracellular superoxide by reaction 4
(Bolwell er al. 1998; Martinez er al. 2000;
Guillén ez al. 2000; Delannoy ez al. 2003).
Compared to 'O, and the -OH radical,
O, is less reactive, having a half-life of
2—4 us, and a low cellular concentration
(<10~ ' M). It cannot react directly with
membrane lipids to cause peroxidation, and
cannot cross biological ~membranes
(Vranova et al. 2002). Most O, ~ formed in
biochemical systems reacts with itself non-
enzymatically or enzymatically (catalysed
by superoxide dismutase) to form H,O,
(reaction 6).

0, +0,  +2H"—-H,0,+°0, (6)
Hydrogen peroxide formed by the previous
or other reactions and O, can react
together to form the hydroxyl radical
(‘OH, reaction 7) in the iron-catalysed
Haber—Weiss reaction.

H,0,+0, —?0,+-OH+O0H "~ (7)
In the cell wall, Liszkay ez al. (2003, 2004)
speculated that this reaction can be catalysed
by apoplastic peroxidases via O, -
dependent conversion of native ferric en-
zyme (-Felll) to Compound III (-FelI-O,,
-FellI-O,- 7). The ‘OH radical is the most
reactive and aggressive species known to
chemistry, having a half-life of 1 ns.

In addition to O,-~ dismutation, H,O,
can be formed by oxidases such as glycolate
oxidase, glucose oxidase, urate oxidase,
oxalate oxidase (the so-called ‘germin-like’
oxidase), and amino acid oxidases (Halliwell
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1987; Halliwell & Gutteridge 1999; Rea

et al. 2002) (reaction 8).
30,+2¢e +2H"—>H,0, ®)

In higher plants, extracellular peroxidases

appear to be able to produce H,0O, with
O, as an intermediate (Elstner 1982).

Harmful and beneficial effects of ROS
on plants

Intracellularly produced ROS can cause
considerable damage to cells by attacking
nucleic acids, lipids and proteins, and in
healthy organisms a multilevel antioxidant
system keeps ROS at safe levels (Elstner &
Osswald 1994). However, more recently it
has become apparent that extracellularly
produced ROS play important roles in some
normal biological processes. Higher plants
use extracellular H,O, in lignification (Ros
Barceldé 1997; Boudet 1998; Potikha et al.
1999; Pomar ez al. 2002), while some fungi
use O, to degrade lignin (Hammel ez al.
2002). Oxygen radicals play key roles in the
processes of ripening and natural ageing of
plant tissues such as leaves, flowers, fruits
(Leshem 1988). The phytohormone ethyl-
ene is considered to be an ageing trigger, a
compound that promotes lipid degradation
and intensifies oxidation induced by free
radicals (Kende & Hanson 1977; Rustin
et al. 1984). Interestingly, biogenesis of
ethylene is tightly bound to free radical
processes (Pirrung ez al. 1998). ROS are also
involved in the metabolism of the hormone
auxin (Kawano 2003), and evidence sug-
gests that ROS act as secondary messengers
in signal transduction in plants (Neill ez al.
2002; Vranova er al. 2002). Moreover, the
formation of an ‘oxidative burst’ comprising
large amounts of ROS is a common response
of plants to many abiotic or biotic stresses
(Mika et al. 2004). While the existence of
the oxidative burst is well documented, the
precise physiological significance of the
burst remains unclear. Apart from the ROS
being directly toxic to invading patho-
gens (Murphy er al. 1998), it is likely that
the ROS participate in lignification and
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suberization processes that reinforce the cell
wall (de Bruxelles & Roberts 2001). In
addition, they may induce defence-related
genes (Minagawa er al. 1992; Medentsev
et al. 1999).

ROS production by lichens

While extracellular ROS formation is an
important part of the response of organisms
to stress, until recently almost nothing was
known about ROS production in lichens.
This is perhaps surprising, because many
lichens are highly tolerant to a wide range of
stresses (Kappen 1973). Methods for deter-
mining rates of extracellular ROS are rela-
tively simple. For example, electrons readily
donated by O,-~ can be trapped using the
drug epinephrine to form adrenochrome,
which can be estimated spectrophotometri-
cally (Misra & Fridovich 1972; Takeshige &
Minakami 1979). Tetrazolium-based dyes
such as NBT (nitrobluetretrazolium) and
XTT (sodium,3’ (-1-[phenylamino-carbonyl-
carbon]-3,4-tetrazolium)-bis (4-methoxy-6-
nitro) benzene-sulphonic acid hydrate) are
also widely used for O, determination
(Able er al. 1998). Spectrophotometry can
also be used to sensitively detect another
ROS, H,0,, following reaction with xylenol
orange (Gay & Gebicki 2000). Beckett ez al.
(2003) gave full details of how to use these
techniques with lichens, and how to confirm
their specificity.

Survey of extracellular O,
production in different lichen species

Minibayeva & Beckett (2001) and Beckett
et al. (2003) reported the results of surveys
of extracellular O, production in 34
species of lichens from different taxonomic
groupings and contrasting habitats. Interest-
ingly, all 21 species in the survey from the
Suborder Peltigerineae produce O, at high
rates, while production is absent in the other
13 lichens. Rates of O, production are
highest in lichens growing in the wettest
microhabitats, as judged first by visual
inspection of the collection sites, and second
by thallus water contents at full turgor
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FiG. 1. Rates of extracellular O,-~ production are
directly correlated with thallus water content at full
turgor (P<0-001) in a range of lichens. In this and the
following graphs, O,-~ was estimated by the rate of
oxidation of 1 mM epinephrine (dissolved in distilled
water with the pH adjusted to 7) to adrenochrome over
15 min. Adrenochrome formation was assayed by
measuring A,g, (molecular extinction coefficient is
4-02mM ' cm ™~ !). Each symbol denotes a single
species; solid circles indicate lichens in Suborder Pelti-
gerineae, and open circles lichens from other Suborders.
Modified from Beckett ez al. (2003).

(Fig. 1). Rates of O,-~ production are posi-
tively correlated to reported concentrations
of ergosterol. This correlation is interesting,
because (for reasons not fully understood)
the concentration of this compound is posi-
tively correlated to steady-state respiration
rates in lichens (Sundberg er al. 1999). Fur-
thermore, comparisons of growth rates also
suggest that lichens in Suborder Pelrigerineae
grow relatively quickly (Hale 1973; Rogers
1990; Gilbert 2000; Palmqvist & Sundberg
2000). To summarize, rates of O, pro-
duction are highest in lichens from moist
microhabitats with high indices of metabolic
activity.

Factors affecting rates of O,
production and cellular location

Constitutive extracellular ROS produc-
tion by lichens is unusual, but similar pro-
duction has been occasionally reported in
other organisms, for example of H,O, in
higher plant tissues in which secondary cell
walls are differentiating (Potikha ez al.
1999). Little is known about the factors that
control the rate of O, production from
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F1G. 2. Desiccation and wounding stresses stimulate
extracellular O, ~ production in Peltigera canina. Open
circles indicate material incubated in deionized distilled
water throughout the experiment. The arrow indicates
the time that material was stressed, either by cutting
disks in half (closed circles), or by desiccating disks to a
relative water content of 0-05 over 2-5 h then suddenly
rehydrated, O, production being measured during
rehydration (open triangles). Error bars indicate the
standard deviation, n=5. Modified from Beckett &
Minibayeva (2003).

lichens. However, Beckett ez al. (2003)
showed that in some members of the Pelri-
gerineae desiccation followed by rehydration
induces a large increase in O, production.
Beckett & Minibayeva (2003) further
showed that wounding can increase O,
production (Fig. 2).

Production rates do not seem to depend
on the substratum on which lichens are
growing. Beckett ez al. (2003) collected pairs
of seven species of lichens, one collection
comprising lichens growing on mosses, and
the other on soil or stone. Two way analysis
of variance showed that substratum had no
significant effect on O, production, while
the differences between species were highly
significant.

The enzymes that produce the O, are
probably fairly tightly bound to the cell wall
or plasma membrane, as only a small pro-
portion can be released by shaking lichens in
distilled water. Assays show that a solution
in which disks of Peltigera have been incu-
bated for 1 h produces O,-~ at only 15% of
the rate of fresh disks. Interestingly, activity
in the incubation solution increased to 50%
following wounding, simulated by cutting
thalli. More work is needed to confirm
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that wounding stimulates the secretion of
O,:~ producing enzymes into solution, or

whether cytosolic leakage causes the
increased activity. However, in higher plant
roots good evidence now exists for

wounding-induced secretion of O, pro-
ducing peroxidases (Minibayeva er al. 2001,
2003).

Identity of the O,-~ producing
enzymes

As discussed above, cell surface enzymes
that produce O,-~ include NADP)H oxi-
dase activities, peroxidases and laccases.
Cyanide and diphenylene iodonium (DPI)
are often used as so-called ‘specific’ inhibi-
tors to distinguish between these enzymes.
Cyanide is a well known peroxidase and
laccase inhibitor (Ellis & Dunford 1968;
Kiiskinen ez al. 2002), and DPI is a flavin
analogue, which probably inhibits the cata-
Iytic subunit (gp91phox, flavocytochrome b)
of the phagocyte NADPH oxidase complex
(O’Donnell ez al. 1993, 1994). In lichens,
cyanide but not DPI inhibits O,-~ produc-
tion (Beckett er al. 2003), tentatively sug-
gesting that the enzymes are either
peroxidases or laccases. Despite repeated
attempts, we have never been able to dem-
onstrate that lichen leachates can break
down guaiacol, a substrate that higher
plant extracellular peroxidases can readily
metabolize (Minibayeva er al. 2003). In
addition to peroxidases, in free living fungi,
another group of cell wall enzymes capable
of producing O,- "~ are the laccases (Guillén
et al. 2000). Laccases are a family of ‘blue-
copper’ oxidase proteins containing four
copper ions, found in some higher plants,
fungi and prokaryotes. These enzymes re-
duce dioxygen to two molecules of water
and simultaneously perform one-electron
oxidation of many aromatic substrates
(Thurston 1994). In free-living fungi, lac-
cases may catalyse the conversion of hydro-
quinones (possibly derived from lignin
breakdown products) into semiquinones
(reaction 9, Guillén ez al. 2000).

4QH,+0,—4Q- ~+2H,0+4H*  (9)
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Autoxidation of the semiquinones will lead
to O, production (reaction 10).

Q +0,<Q+0, (10)
It seems likely that a plasma membrane
quinone reductase uses NAD(P)H to regen-

erate the hydroquinones (Morré 2004;
reaction 11).

2NAD(P)H+Q—2NAD(P)* +QH, (11)

This redox cycle will provide a supply of
O, . In our recent work we tested for the
presence of laccases in lichens by examining
their ability to metabolize classic laccase
substrates such as the synthetic compounds
2,2’ -azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS)
(Min et al. 2001) and o-tolidine (Miller ez al.
1997), and also the natural compound
syringaldazine (Medeiros ez al. 1999). Our
preliminary results showed that some lichens
possess significant laccase activity, but inter-
estingly only species within the Pelnigerineae.
Using Pseudocyphellaria aurata as a test
species, we assayed laccase activity using
ABTS, syringaldazine and tolidine as sub-
strates. Table 1 summarizes the basic prop-
erties of the enzymes. All the results we have
obtained so far are consistent with the prop-
erties of laccases reported in the literature
(Thurston 1994; Mayer & Staples 2002).
Furthermore in a survey of 42 species, O,
production was positively correlated to
laccase activity (Fig. 3). Our preliminary
electrophoretic analysis of the laccase from
Peltigera malacea suggests that the active
form is a tetramer with a molecular mass of
340 kDa and an isoelectric point of 4-7.
Although more work is needed, it seems
likely that laccases are the enzymes respon-
sible for superoxide production in lichens in
Suborder Peltigerineae.

Stoichiometry of ROS production

The O, radical has a half-life of just a
few us (see above), and the radicals that
lichens of the Pelrigerineae produce will be
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TABLE 1. Properties of released laccases in Pseudocyphellaria aurata measured using different substrates

ABTS* Syringaldazinet o-Tolidine}
Optimum pH 5-0 65 5-0
Optimum temperature (°C) 40 30 7
Ky (umol) 21 14 116
Vax (umol product g~ ! dry mass h 1) 2:24 3-63 —
Concentration of NaN; for 50% inhibition (M) 5 20 5
Concentration of KCN for 50% inhibition (uM) 1000 750 750

*For methods, see legend to Fig. 3.

tLichen leachates incubated in 10 uM syringaldazine, pH 6-5 for 15 min at 25°C. The extinction coefficient of the

product at A,s is 65mM ' cm .

+1 mM o-tolidine dissolved in 25 mM acetate buffer, pH 5-0 for 15 min at 20°C. The product was measured at

A63O'

— Cannot be calculated, as extinction coefficient of product unknown.

100 —

50 —

0o 0% o
) I I I I I

Laccase activity
(umol product g 'dry mass h ™)

0 50 100 150 200 250

O,-production (umol g ' dry mass h ")

F1G6. 3. Rates of metabolism of the laccase substrate
ABTS in 42 species of lichens (21 in Suborder Pelzige-
rineae and 21 from other Suborders) are positively
correlated to rates of O, = production (P<0-001).
Lichens incubated in 1 mM ABTS dissolved in 25 mM
phosphate buffer, pH5 for 15 min. The extinction
coefficient of the product measured at A,,,is 36 mM ~*
cm ™ !. Each symbol denotes a single species; solid
circles indicate lichens in Suborder Pelrigerineae, and
open circles lichens from other Suborders.

rapidly converted to H,O,, either spon-
taneously or by the action of the enzyme
superoxide dismutase (SOD). However, to
our surprise, we found that unstressed li-
chens produce almost no H,0,, and that
desiccation induces only a small short-lived
peak of H,O, production. We hypothesized
that lichens can rapidly break down H,O,
produced from the dismutation of O, .
Consistent with this, we found that incubat-
ing ¢. 15 mg of Pelrigera tissue in 5 ml of

10 mM H,O, reduces the concentration to
2:5 mM within 1 h. Breakdown of H,O, is
clearly enzymic, because the process has a
high Q,,, and autoclaving inhibits enzyme
activity. The most common enzymes that
break down extracellular H,O, in plants and
fungi are class II and III peroxidases. A few
reports of extracellular catalases exist in
higher plants and fungi (e.g. Salguero &
Bottger 1995; Garre er al. 1998; Vanacker
et al. 1998). However, in Peltigera the en-
zymes involved appear to be peroxidases,
because while the catalase inhibitor ATZ
slightly stimulates H,O, breakdown, break-
down is inhibited by the peroxidase inhibi-
tors cyanide and azide.

We further hypothesised that the rates of
H,O, breakdown might be higher in Pelr-
gerineae than in other lichens, because of
their need to protect themselves from the
toxic effect of the O,-~ . Although we plan to
test more species, our preliminary results
show that all lichens that we have examined
so far can breakdown H,O, quickly. Rates
tended to be higher in the Peltigerineae, but
were not significantly different from other
groups, and rates of break down were not
significantly correlated to rates of O,-~ pro-
duction (Fig. 4). We are currently studying
the mechanism of H,O, breakdown; pre-
liminary results suggest that rates can be
very high. Presumably, the ability to rapidly
break down H,O, protects lichens from
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F1G. 4. Rates of H,0, breakdown from a 10 mM
solution in a range of lichens are not related to rates of
O, production (correlation 1is not significant,
P>0-05). Concentrations of H,O, were determined by
reaction with xylenol orange. Each symbol denotes a
single species. Solid circles indicate lichens in the
Suborder Peltigerineae, and open circles lichens not
belonging to Suborder Peltigerineae.

H, O, breakdown
(mmol g ! dry mass h 1)

damage potentially resulting from their
own oxidative burst. In addition, cell wall
peroxidases may also indirectly help to
remove ROS produced intracellularly as a
result of various stresses in all lichens. Many
intracellular free radical scavenging reac-
tions produce H,0O,, and as it freely diffuses
across membranes (Allan & Fluhr 1997)
breakdown in the apoplast may be the final
phase of cellular detoxification. Rapid break
down in the apoplast probably explains
why we cannot detect H,O, production by
lichens in the Pelrigerineae, and will compli-
cate future studies on the stoichiometry of
the production of different ROS.

Physiological significance of ROS
production

Based on our current knowledge of ROS
production in lichens and their roles in
other organisms, it seems most likely that in
lichens ROS are involved in defence against
attack by pathogens, decomposition of or-
ganic compounds, and possibly melanin bio-
synthesis, and these aspects are discussed
below. However, it now seems certain that in
higher plants ROS play roles in signal trans-
duction (Neill ez al. 2002), and they may
have the same roles in lichens.

Reactive oxygen species in lichens—Beckerr et al.

403

Defence against pathogens

As discussed above, higher plants defend
themselves against pathogens using extra-
cellular ROS production. ROS are either
directly toxic to pathogens, or induce an
array of other defence mechanisms, collec-
tively termed systemic acquired resistance
(SAR). It is tempting to suggest that lichens
in the Pelrigerineae use extracellular ROS in
the same way. In higher plants, it is known
that ROS production can also be induced by
abiotic stresses that leave plants vulnerable
to bacteria or fungi, for example mech-
anical disruption or UV light (Murphy ez al.
1998). Some lichens produce an oxidative
burst following wounding or during rehydra-
tion following desiccation (Beckett &
Minibayeva 2003), and this may offer pro-
tection at a time when they are vulnerable to
attack by pathogens.

It is possible that two different strategies
for defence against pathogens exist in lichens.
Lichens in the Peltigerineae produce O, ,
tend to have high indices of metabolic
activity (Beckett er al. 2003), and contain
low concentrations of secondary metabolites
(Huneck & Yoshimura 1996). Conversely,
lichens outside the Pelrigerineae do not pro-
duce O,- ", grow in more stressful habitats,
have slower growth rates, and apparently
deter pathogens by accumulating high
concentrations of secondary metabolites
(Rundel 1988). There are no clear explana-
tions for the apparent existence of these two
contrasting strategies. However, Grime
(1979) proposed that in highly stressed
environments, selection will favour species
with low inherent growth rates that match
low resource availability. In such species,
Coley ez al. (1985) suggest that a given rate
of damage by pathogens or herbivores (e.g.
for lichens grams of thallus lost per day)
represents a larger fraction of annual net
production, and therefore selection may
favour species with large investments in
deterrents. This may explain why stress
tolerant lichens growing in xeric habitats
have abundant and diverse lichen secondary
metabolites. Rather than accumulate sec-
ondary metabolites, lichens in Suborder
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Peltigerineae may be protected by extracellu-
lar O, production. Coley et al. (1985)
suggest that this kind of defence mechanism
will be rare in long-lived, slow growing
plants, because the continued metabolic
costs, for example for re-synthesising en-
zymes, summed over a life time would be
larger than a fixed investment in immobile
defences. The energy required to maintain
enzyme pools may explain why extracellular
O,~ production is absent in other lichen
groups. A further consideration is that many
non-Peltigerineaen lichens allocate a con-
siderable part of their carbon budget to
secondary metabolites, which may accumu-
late to as much as 30% of their dry mass
(Huneck & Yoshimura 1996). As most
members of the Pelrigerineae are nitrogen
fixing species, a protein-based defence using
laccases may be energetically preferable to
one based on carbon-containing lichen
substances.

Decomposition

Laccases are one of the main enzymes
involved in delignification by white rot and
other fungi (Thurston 1994). Together with
lignin peroxidase and manganese peroxi-
dase, by producing ROS they can remove
the lignin from wood and plant litter
(Hammel er al. 2002). The precise mech-
anism of ROS production by laccases
remains uncertain, but evidence exists that
laccases operate with quinone oxidoreduct-
ase as outlined in reactions 9, 10 and 11
above. If this mechanism is correct, one
consequence will be that O, is produced
via quinone radicals rather than directly by
the laccase enzymes, meaning that the O,
can be produced in pores of decomposing
cell walls too small for laccases to penetrate.
In addition, the laccases are less likely to
suffer damage by the radicals that they
themselves produce. Quinone radicals can
have half-lives in the range of milliseconds
(Everett et al. 2001), long enough to diffuse
away from where they are produced. Fur-
thermore, H,O, produced by the dismuta-
tion of O, could produce -OH radicals
(reaction 7), possibly catalysed by chelated
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Fe as suggested by Hammel ez al. (2002). A
combination of O, and -OH could effec-
tively break down lignin (Hammel er al.
2002). Although fungi do not directly derive
energy from this process, they expose cellu-
lose, which other enzymes can break down
in energy producing reactions (Blanchette
1991; Boddy & Watkinson 1995). Certainly,
Pelrigera possesses f-1,4-glucanases that
can break down cellulose exposed by lignin
decomposition (de los Rios er al. 1997).
Interestingly, laccases are actively produced
by some leaf decomposing fungi that grow in
similar habitats to Peltigera (Leontievsky
et al. 1997; Heinzkill ez al. 1998; Tagger ez al.
1998; Dedeyan er al. 2000). Given their high
laccase activity, it is possible that lichens in
Suborder Peltigerineae may play an import-
ant role in decomposition.

Melanin synthesis

In free living fungi, ROS produced by
laccases are important in melanin synthesis
(Williamson ez al. 1998). While melanins
are present in Peltigeralean lichens such
as Lobaria pulmonaria (Gauslaa & Solhaug
2001), they are also present in non-
Peltigeralean lichens without laccase activity
such as Cerraria (Nybakken ez al. 2004). We
assume that, as for fungi (Butler & Day
1998), various mechanisms of melanin
synthesis exist in lichens, some involving
laccases, and some other oxidases.

Prospects

Future work is needed to characterize the
O, producing laccases in lichens, for
example with respect to molecular mass and
substrate specificity. Our preliminary work
indicates that the enzymes can be readily
secreted, making them relatively easy to
isolate and purify. Eventually, it will be
interesting to sequence the proteins and
construct cladograms to determine the
phylogenetic position of lichen laccases
within those produced by other fungi.
Determining the physiological significance
of extracellular ROS production will be
harder. A role in defence against pathogens
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seems likely, and it would be interesting to
test whether fungal parasites of Peltigera can
induce an ‘oxidative burst’ similar to that
observed during rehydration following
desiccation. Future work should also assess
the role of laccases in decomposition and
melanin biosynthesis.
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