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Abstract

Acetone can extract secondary compounds from many air-dry lichens without
affecting their viability. More polar solvents were highly detrimental to
photosystem II (PSII), whereas less polar solvents failed to extract the compounds.
Acetone tolerance, assessed by chlorophyll fluorescence after a 48 hrs recovery
subsequent to the acetone submersion, varied between the 12 studied species.
Peltigera aphthosa suffered already after 30 minutes, whereas the vitality of Lasallia
pustulata did not start to decline until after 250 hrs submersion. Lichens with
Coccomyxa, Dictyochloropsis and Nostoc photobionts were more acetone-susceptible
than the five tested Trebouxia lichens. Whereas secondary compounds could be
completely extracted within <1 hr in Xanthoria parietina, a 200 hrs extraction was
needed for L. pustulata and Xanthoparmelia conspersa. Secondary compounds of
P. aphthosa, Nephroma arcticum and Lobaria pulmonaria could not be extracted before
the viability was severely affected. Accordingly, Trebouxia lichens appeared to be
most suited for testing ecological and physiological roles of secondary compounds.

Keywords: Lichen photobionts, secondary compounds, acetone tolerance, extraction
methods, chemical ecology
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1. Introduction

A high tolerance to concentrated acetone appears to be a common
characteristic of desiccated poikilohydric organisms of various taxonomic
groups, including also ferns and bryophytes (K.A. Solhaug and Y. Gauslaa,
unpublished data) and dried seeds (Milborrow, 1963; Tao and Khan, 1974).
Laboratory experiments as well as long-term field transplantation studies
(Solhaug and Gauslaa, 1996) have shown that both the photobiont and the
mycobiont of the air-dry lichen Xanthoria parietina survive repeated acetone
rinsing. Since acetone can efficiently extract several water insoluble secondary
compounds in lichens (e.g. Huneck and Yoshimura, 1996), apparently without
adverse effects, acetone rinsing allows testing of the various assumed roles of
secondary compounds (e.g. Fahselt, 1994; Elix, 1996). Secondary compounds in
lichens are produced by the mycobiont (Culberson, 1969; Culberson et al., 1977),
but are often assumed to influence the symbiosis between the two bionts. Until
now, acetone rinsing has been applied to study the function of some secondary
compounds on high irradiance protection (Solhaug and Gauslaa, 1996), water
relations (Lange et al., 1997; Souza-Egipsy et al., 2000) and chemical defense
(Lawrey, 2000). We have additional recent, not yet published results showing
that acetone-rinsed lichens actually resynthesize secondary compounds under
certain environmental conditions. This amazing possibility to study functional
roles could be caused by the extracellular location of secondary compounds as
crystals attached to the outside of medullary hyphae (e.g. Fahselt and
Alstrup, 1997) and photobionts (e.g. Honegger and Peter, 1994), which means
that the acetone does not need to enter the cells in order to extract the
compounds.

So far, acetone tolerance has only been tested for a few lichen species. Recent
preliminary experiments showed that extended extractions were required for a
complete extraction of some lichens, and too long acetone-exposures were found
to be detrimental. Therefore, in order to apply acetone rinsing as a method for
studying the roles of various secondary compounds in a variety of lichen species,
more knowledge is needed concerning: (1) species-specific tolerances of
prolonged acetone rinsing, and (2) time requirements for an efficient extraction.
A main objective of this paper was to gather such knowledge by screening a
number of lichens originating from various substrates (epiphytic, terricolous,
saxicolous) and habitats (shaded and sun-exposed). Since the susceptibility
could vary between different photobionts, lichens inhabited by various
photobiont genera were selected. A final objective was to apply other solvents
to lichens in order to see whether these could replace acetone in cases where
acetone tolerance or extraction rate was low.
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2. Methods
Acetone tolerance

Twelve lichen species, inhabited by five different photobiont genera, from
habitats ranging from open, sun-exposed rock to shaded forest were collected in
various locations in southern Norway (Table 1), in order to assess their
tolerance to extended acetone rinsing. Their content of secondary compounds
according to Krog et al. (1994) is included in Table 1. Air-dry lichens were
brought to the laboratory, dried further at room temperature for 24 hrs before
being stored at —20°C until the start of the experiment in end of March 2000.
Collected thalli of each species were then cut in 3-4 cm? pieces, and mixed. Ten
samples of each species were randomly selected as controls. All remaining
thalli of each species were placed in a glass container with a lid, covered by
acetone at time zero and left at room temperature. After 0.5, 1, 2, 4, 8, 15.1, 32.5,
61.5, 123, 246, 409, 635 and 1015 hrs, respectively, 10 randomly selected samples
of each lichen species were removed, and left under a ventilator for about 12 hrs
to let all the remaining acetone evaporate. Afterwards, samples from all
exposure durations and controls were moistened by gently spraying distilled
water, and thereafter kept hydrated for 48 hrs at 18°C and 3 pmol m=2 57!
incandescent light in order to recover from reversible damages.

Photobiont viability was assessed subsequent to recovery by measuring
Fy/Fym. Reductions of Fy/Fy caused by down regulation of photosystem II
(PSII), state transitions or milder forms of photoinhibition, will have
recovered after 9 hrs of darkness (Quick and Stitt, 1989; Ogren, 1994).
Therefore, our Fy/Fy measurements assessed only long-lasting damage to PSIL.
Chlorophyll a fluorescence induction curves were recorded with a portable
fluorometer (Plant Efficiency Analyser, Hansatech, King's Lynn, Norfolk, UK).
Samples were dark pre-adapted for 15 min. Fluorescence induction curves of 5 s
duration were recorded at one randomly selected position (measuring area 0.126
cm?) of each thallus sample during an irradiance of 1500 or 3000 pmol 25
from light emitting diodes. 1500 pmol m=2 57! was used for lichens with the
photobiont genera Dictyochloropsis and Coccomyxa, since a higher irradiance
would have caused overscale errors due to high fluorescence yield; 3000 pmol
m~2 s~1 was used for lichens with Nostoc and Trebouxia photobionts.

Acetone extraction experiments

Seven of the lichen populations in Table 1 were selected in order to study
whether their secondary compounds could be completely extracted before the
viability declined. All lichens were not tested because of extremely low acetone
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tolerance (Peltigera aphthosa), insufficient lichen material (Lobaria
amplissima, L. virens), or lack of secondary compounds (Degelia plumbea,
Peltigera canina) (Table 1). Ten small pieces, 40-100 mg dry matter, of each
species were selected and dried overnight at room temperature in a desiccator
before dry mass was determined.

Each single thallus piece (n=10) of every species was put in one glass vial and
5 ml 100% acetone was added. After the first extraction period, the acetone
extract was removed and placed in an empty vial. Inmediately afterwards a
new 5 ml acetone was added to the same lichen sample (second extraction), and
the acetone was transferred to a second vial subsequent to the second extraction
period. This procedure was continued until either a satisfactory extraction had
been obtained, or until the total accumulated extraction had reached a time
when Fy/Fpy was likely to decline according to the tolerance experiment.
Accumulated extraction durations followed a logarithmic scale. The first
acetone was added at time zero (tg). Successive extracts were harvested at t; to
t11: 0.083, 0.25, 0.6, 1.25, 2.6, 5.3, 10.6, 21.3, 45, 95 and 178 hrs after the start,
each extraction duration was therefore t,-t(n.1). The extracts were left to
evaporate completely before each evaporated extract was redissolved in 5 ml
ethanol. Some extracts were diluted because of a poorer solubility in ethanol
compared to acetone, or because of high absorbances.

Absorbance spectra were measured with a Shimadsu UV-2101PC
spectrophotometer for the wavelength range 250-550 nm. For species with more
than one distinct absorbance peak, the peak at the longest wavelength was
selected for measuring the absorbance. These wavelengths were selected since
our concern has been high irradiance and UV stress in lichens (Gauslaa and
Solhaug, 1999, 2000) and protection against damaging solar radiation (Gauslaa
and Solhaug, 2001). Secondary compounds have been assumed to protect against
excess radiation, and no solar radiation below 280 nm penetrates the
atmosphere. The wavelengths selected for measurements were: Lasallia
pustulata: 303 nm, Lobaria pulmonaria: 311 nm, Neofuscelia pulla: 306 nm,
Nephroma arcticum: 314 nm, Parmelia sulcata: 310 nm, Umbilicaria
spodochroa: 302 nm, Xanthoparmelia conspersa: 310 nm and Xanthoria
parietina: 436 nm. Xanthoparmelia conspersa showed somewhat complicated
pattern with a shoulder at about 310 nm at the two first extractions.
Thereafter, a peak at 310 nm was distinct at the 6 following extractions, but
disappeared at the 3 last extractions. For species with gradually disappearing
peaks at late extractions, the peak wavelength at earlier extractions was
selected for measurements. All absorbances were calculated for 1 g dry matter of
lichen material in 5 ml acetone and 1 cm light pathway in the cuvette.

I U, - Y Y X — y -
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Extraction experiments with other solvents

A few lichens (Xanthoria parietina, Physcia tenella and Parmelia sulcata
collected at the X. parietina locality in Table 1) and winter hardened, air-dry
fronds of the evergreen fern Polypodium vulgare were immersed (n=10) in the
following solvents: ethanol, methanol, acetone, chloroform, n-hexane and
petroleum ether (boiling range 100-140°C), for 4 times 30 minutes. After
extraction, they were left in a fume hood for about 25 hrs to let remaining
solvents evaporate. Then samples from all treatments including controls were
moistened by gently spraying with distilled water and thereafter subjected to
the same recovery protocol as mentioned above before measuring Fy/Fpm.

3. Results
Acetone tolerance

The lichens containing the photobionts Coccomyxa and Nostoc (Table 1) were
the most sensitive to acetone rinsing, being killed or severely affected after 8
hrs (Fig. 1). The Coccomyxa photobiont from P. aphthosa was significantly
affected already at the first harvest after 30 minutes (P=0.0058, Mann-
Whitney rank sum test), and Fy/Fy was reduced from 0.781+0.003 (mean=+SE) to
0.418+0.084 within one hour (P<0.0001). The photobiont Dictyochloropsis
reticulata (Table 1) appeared more resistant than Nostoc and Coccomyxa,
Fy/Fym being normal (L. pulmonaria) or slightly reduced (L. amplissima and L.
virens) after 8 hrs acetone rinsing, and the PSII was fully destroyed (L. virens)
or heavily damaged after 60 hrs (Fig. 1). Trebouxia was clearly the most
acetone-resistant photobiont, remaining fairly healthy after 60 (X. parietina,
N. pulla) to 250 hrs (U. spodochroa), and not killed before 250 (X. parietina) to
1000 hrs (L. pustulata, U. spodochroa, X. conspersa). Standard errors were small
in healthy and severely damaged specimens, while the variation was larger at
an intermediate damage level (Fig. 1), indicating variability in resistance. For
each of the three most resistant species (X. conspersa, L. pustulata, U.
spodochroa), all individual samples started to decline at about the same time
(data not shown). The more sensitive species showed lowered Fy/Fy-values in
some thalli much earlier than in other thalli, e.g. in N. arcticum where the
Fy/Fpm-value of the most sensitive replicate fell already after 1/2 hr, whereas
the most resistant replicate stayed constant until 8 hrs.

The five tested Trebouxia lichens were from the most sun-exposed habitats
(Table 1). Therefore, photobiont genus, sun- and desiccation exposure were
somewhat confounded factors. Nevertheless, acetone tolerance appeared to be
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Figure1. Viability of 12 lichen species, measured as PSII efficiency (Fv/FM), after
submersion in 100% acetone for various durations. Symbols show mean Fy /FuM-
values (after 48 hrs recovery) and vertical bars show standard errors (n=10)
when larger than symbols. Note the logarithmic scale at the abscissa from
duration of 30 minutes and longer. The logarithmic scale is broken between 0 hrs
and 30 minutes, 0 hrs reflects controls not exposed to acetone.

more related to photobiont type than to environmental conditions. For instance,
the relatively resistant L. pulmonaria was collected from a considerably more
shaded environment than any of the more susceptible lichens containing Nostoc
or Coccomyxa as the main photobiont (Table 1).

Extraction efficiency of acetone

The extraction efficiency varied between species. Whereas 200 hours were
needed for L. pustulata to reach satisfactory extraction yields, 2.5 hrs were
enough for X. parietina, U. spodochroa and N. pulla (Fig. 2). The amount of
extracted secondary compounds decreased with time for X. parietina, U.
spodochroa, N. pulla and X. conspersa, with X. parietina, U. spodochroa and
N. pulla being the fastest and X. conspersa being the slowest extractable lichen
(Fig. 2a). Whereas the relative absorbance in extracts of X. parietina was
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Figure2. a. Mean absorbances of successive acetone extracts of intact, desiccated thalli of

7 lichen species taken at a logarithmic time scale. The time passed since the
previous extraction represents the extraction duration. Absorbances are
calculated for 1 g DM lichen in 5 ml acetone and 1 cm light pathway. Vertical
bars show standard errors (n=10) when larger than symbols. b. Thallus content
of secondary compounds. Fig. 2b shows the same data as Fig. 2a, but calculated
as the relative content of secondary compounds in the lichen thalli prior to each
extraction event. The total extracted amount is set to 100. Nephroma arcticum
and Lobaria pulmonaria are omitted due to incomplete extraction of these species.

reduced to 5% of start values within 1 hour and to 2% after 10 hours, the
corresponding reduction for X. conspersa was 20% after 1 hour, 3% after 10 hours,
and still 1% after 100 hours. Comparing extractions (Fig. 2a) with tolerance
limits (Fig. 1) we can conclude that secondary compounds can be extracted from
all these species without severe reduction in Fy/Fy. This was not the case for L.
pulmonaria and N. arcticum. For L. pulmonaria even a slight increase in
absorbance was observed (Fig. 2a) until its tolerance limit (Fig. 1) was
exceeded. The absorbance after 5 and 10 hours were 144 and 127% of the first
extracts, with hardly any decrease at the final extraction period (Fig. 2a). For
N. arcticum, the situation was even worse.

Lasallia pustulata needed a very long time to be extracted. The absorbance
did not start decreasing until the 5th extraction (Fig. 2a), and 100 hours were
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needed to reduce the absorbance to 2.5% of start values. However, since this
species ranked among the most acetone-resistant species (Fig. 1), acetone rinsing
could safely extract secondary compounds.

Some extraction modifications were tried in order to improve the extraction
rate from the slowly extractable L. pustulata. These were (1) increasing the
extraction temperature from the standard room temperature to 40°C, (2)
continuous shaking during extraction, and (3) simultaneous shaking and
ultrasound. However, the outcome of all these treatments applying four
subsequent 30-minute acetone extractions, were similar to results of the standard
acetone rinsing at room temperature with no shaking (data not shown).

Experiments with other solvents

Ethanol and methanol killed desiccated X. parietina thalli rapidly and
completely, whereas acetone, chloroform, petroleum ether, n-hexane did not
reduce Fy/Fy significantly (Fig. 3). Identical results were found for Physcia
tenella, and for air-dry fronds of the evergreen fern Polypodium vulgare (data
not shown).

300
250 4 i —@— Lasallia pustulata
0.8 I'|I —O— Parmelia sulcata
200 A \ —w— Xanthona paristina
8
0.6 &
2
2
- Qa
5 04 <
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Figure 3. Viability of Xanthoria parietina, measured as PSII efficiency (Fv/FM), after
being submerged air-dry in various solvents 4 times for 30 minutes. Mean
Fv/FM-values (after 48 hrs recovery) and standard errors of mean (n=10) are
shown. Solvents are ranked by increasing polarity according to Stahl (1967).

Figure4. The relative absorbance of four successive chloroform extracts followed by four
successive acetone extracts for three lichen species. Each extraction lasted for 30
minutes. Symbols show mean absorbances and vertical bars show standard
errors (n=3) when larger than symbols.
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Whereas ethanol and methanol were very destructive, petroleum ether and
n-hexane failed to extract secondary compounds from tested lichens (data not
shown). Chloroform was as efficient as acetone in extracting parietin from
X. parietina (Fig. 4). However, chloroform did not extract any compounds from
L. pustulata, and only small amounts from Parmelia sulcata (Fig. 4). Therefore,
no means were found to improve the extraction yield from living lichens
compared to simple acetone extractions.

4. Discussion
Survival in acetone

We have focussed on the viability of the photobiont by measuring damage as
a persistent depression in PSII efficiency subsequent to a recovery period. The
mycobionts, when seen at the levels of suborders, families and genera, are
strongly selective towards their photobiont (Rambold et al., 1998). At the time
when the PSII was destroyed, i.e. with Fy/Fpy-values <0.1, the thallus
appeared severely affected judging from an unpleasant smell and sometimes a
modified, softer texture and changed colour. The odour became distinct
immediately after moistening, and persisted until the time of measurements 48
hrs later, whereas the colour changed after a few hours. Since the mycobiont
represents the quantitative important component of most lichens, the changes in
texture and smell suggest that the mycobiont died at about the time when the
photobiont was killed. A killed mycobiont could possibly release detrimental
signals to the photobiont, and vice versa.

In this study, various lichens exhibited different levels of acetone tolerance
(Fig. 1). The reason for these species-specific susceptibilities is not known.
Lange (1953) studied the drought resistance of the mycobiont of some species in
Fig. 1, and ranked the measured species by increasing level of tolerance:
Lobaria pulmonaria < Peltigera aphthosa = Nephroma arcticum < Lasallia
pustulata. Therefore, since acetone extracts residual water from submersed air-
dry thalli, the high acetone tolerance of species like L. pustulata from sun-
exposed and dry habitats could be reflecting a high drought resistance.

The applied solvents in Fig. 3 vary in polarity (Stahl, 1967). Ethanol and
methanol with a high polarity, kill the lichens very fast, whereas the
somewhat less polar acetone is minimally destructive (Fig. 3). The other,
considerably less polar solvents, could therefore possibly be less harmful than
acetone. However, for the tested lichens they are less efficient extracting
agents, and therefore less useful. Other extraction techniques like grinding and
boiling (Huneck and Yoshimura, 1996) were not tried, because of obvious
detrimental effects.







