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F1G. 1. Foliicolous lichen thalli showing the verrucose-

rugose surface indicating deposition of calcium oxalate

crystals. A, Calenia triseprata; B, Echinoplaca strigulacea;
C, Tricharia carnea. Scale=1 mm.

Method

Standards of calcium oxalate, oxalic acid and mag-
nesium hydroxide were obtained from Aldrich and used
without further purification. Magnesium oxalate was
prepared by the direct reaction between equimolar
quantities of oxalic acid and magnesium hydroxide
aqueous solutions; the white solid was filtered, washed
several times with cold water and dried.

Good quality Raman spectra were obtained using a
Bruker IFS 66 spectrometer with a FRA 106 Raman
module attachment and Nd**/YAG laser excitation at
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1064 nm. This will be referred to as the macroscopic
system. To prevent sample degradation, laser powers
between 10 and 30 mW were used and up to 4000
spectral scans were accumulated with a 4 cm ! resol-
ution with a laser footprint of about 100 pm at the
sample. A series of spectra was examined to ensure that
longer accumulation times did not result in spectral
degradation. Raman spectra were also obtained using
the dedicated micro-Raman system, comprising the
Bruker IFS 66 system coupled with a Nikon microscope
fitted with CCD camera and x 40 objective. This
microscopic system results in a laser footprint of about
20 um at the sample.

It was found that the use of near-infrared excitation
was essential for the observation of the Raman spectra
from the foliicolous lichens since visible excitation with
radiation at 633 nm was subject to extensive fluor-
escence emission background which swamped the
Raman signals. This is quite a common occurrence in
the area of biological Raman spectroscopy.

Results and Discussion

Interpretation of Raman spectra

The macroscopic Raman spectra of the
three lichen species investigated are shown
in Fig. 2A. The best quality Raman spec-
trum was obtained from Echinoplaca strigu-
lacea; therefore most of the discussion on
vibrational assignments is based on a com-
parison of this spectrum with the standards
of calcium oxalate and magnesium oxalate
(Fig. 2B). The Raman band frequency
values and tentative vibrational assignments
are provided in Table 1.

The first and probably the most important
question concerns the chemical composition
of lichens on leaf substrata. In previous
studies we have noted the presence of
hydrated calcium oxalate in the encrus-
tations of lichens on calcium-rich substrata
(Edwards er al. 199156, 1992, 1997a), and in
other studies we found evidence for the
production of calcium oxalate monohydrate
in lichens growing on silicious substrata
(Edwards er al. 1994, 19975). In this latter
case, it was concluded that the calcium was
obtained from airborne material.

The spectrum of Echinoplaca strigulacea
shows two bands, one of high intensity at
1463 cm ~ ! and another of medium inten-
sity at 1490 cm !, that are vibrational
modes characteristic of calcium oxalate.
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F16. 2. Macroscopic Fourier transform Raman spectra. A, Echinoplaca strigulacea (a), Calenia tripsetara (b) and
Tricharia camea (c) excited at 1064 nm; B, Echinoplaca strigulacea (¢) compared with spectra of standards of calcium
oxalate monohydrate (a) and magnesium oxalate dihydrate (b).
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TABLE 1. Raman wavenumbers of hydrated calcium and magnesium oxalates and of three foliicolous lichens from Costa
Rican rropical forests

Wavenumber (in cm ™ ")

Vibrational
Calcium oxalate Magnesium oxalate Echinoplaca Calenia Tricharia assignments
1726 1721 Vv(C=0)
1660 v(C=0)
1629 1637 1625 v(OCO)
1605 1602 1606 Chlorophyll
1526 1521 1526 v(C=C) carotenoids
1490 1490 1488 1494 v(OCO)
1463 1472 1463 1460 1461 v(OCO)
1442 sh 1444 sh 1445 sh
1397
1353
1327 1328 1331 Chlorophyll
1289 Chlorophyll
1187 1189
1157 1156 1157 v(C — C) carotenoids
1005 1003 1004 Aromatic v(C - C)
942
917 910
8906 896 895 v(CC)
865 863 867 843 V(CC)
744 747 746 Chlorophyll
597 587 598 596 p(OCO)
522 528 521 517 3(0CO)
504 5(0CO)
250 266
223 228

Other bands at 896, 865, and 522 cm ™~ ! of er al. 1991; Edwards er al. 1991a; Edwards
lower intensity are also due to several vi- & Lewis 1994). Hydrated calcium oxalate
brational modes of calcium oxalate (Bickley can occur in two different forms, namely
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Fi16. 3. Fourier tranform Raman spectra. A, spectra obtained with the microscope ( x 40 lens) of Echinoplaca
strigidacea (a) and Calenia wiseprata (b) compared with the macroscopic spectrum of Echinoplaca strigulacea (c);
B, macroscopic spectra of Echinoplaca strigulacea (b) and the substratum (leaf) on which it grows (a).

monohydrate (whewellite) and dihydrate
(weddellite), which can be distinguished by
observing the wavenumber of the carbon-
oxygen stretching mode in the Raman
spectra (Edwards & Lewis 1994). In the
monohydrate form this vibrational band can
be observed at 1493 cm ', whereas for
dihydrate it can be expected at 1476 cm ~ .
Analysis of the data obtained clearly
shows that the calcium oxalate present in the
investigated lichens is the monohydrate
form.

In view of their unique subsiratum, the
question arises as to the production of cal-
cium oxalate by foliicolous lichens, when
other elements derived atmospherically or
known to be present in the substratum
have the potential to produce oxalates. The
Raman spectra of several metal oxalates have
been recorded in our database and it is
possible to discriminate between different
metal counter-ions from their characteristic
spectra; for example, the Raman spectrum of
magnesium oxalate (shown in Fig. 2B), with
a single band at 1472 cm ~ ', was not present
in any of the spectra obtained, but it was
possible to attribute unequivocally several of
the Raman bands to calcium oxalate in the
spectra of Echinoplaca strigulacea and Calenia
triseprata. On the other hand, the Raman
spectrum of Tricharia carnea shows some
bands with very low intensity in the region
between 1450-1500cm !, and here the

assignment is not so clear; an explanation
of this observation could be that the
production of calcium oxalate is less signifi-
cant for this system than for the other two
species studied.

However, other vibrational bands present
in the macroscopic Raman spectra of the
lichens show the presence of further chemi-
cals; for instance, the two intense bands at
1157 and 1526 cm ! present in all three
species investigated are characteristic of
carotenes or carotenoids (de Oliveira er al.
1997). These bands were also observed by
Schrader er al. (1999) in the FT-Raman
analysis of plant leaves. The Raman bands at
747, 1290, 1330 and 1605cm ' can be
assigned to chlorophyll (Schrader er al.
1999; Lutz & Mantele 1991). The appear-
ance of these bands is probably due to a
pre-resonance Raman effect of chlorophyll
when excited at 1064 nm (Mattioli er al.
1990). The observation of these bands is
explained by the presence of the photobiont
of these lichens, in all cases a species of
Trebouxia or a closely related genus, and
the presence of chlorophyll and accessory
pigments in the leaf substratum.

The spectra of Echinoplaca strigulacea and
Calenia triseprata obtained with the Raman
microscope can be seen in Fig. 3A; for
comparative purposes, the macroscopic
Raman spectrum of E. strigulacea is also
depicted. Analysis of Fig. 3A clearly shows
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that in the case of C. triseprara, the spectrum
obtained with the microscope only has
bands at 1488, 1460 and 895 cm ! which
are very characteristic of calcium oxalate.
However, the Raman spectrum of E. strigu-
lacea shows other Raman bands, at 1155 and
1526 cm !, characteristic of carotenoids;
Fig. 3B shows the Raman spectrum of the
leaf substratum of E. strigulacea, from which
it is clear that the bands at 1155 and
1525 cm ~ ! characteristic of carotenoids are
present in the leaf substratum.

Ecological context

In a recent review of lichen activity associ-
ated with rocks and neogenesis of minerals,
Adamo & Violante (2000) state that the
massive presence of calcium oxalate in most
species is probably due to a need for the
lichen to dispose of an excess of calcium.
However, Wadsten & Moberg (1985)
claim that calcium oxalate occurs in lichens
colonizing substrata such as bricks, wood
and bark, where the calcium ion is not
available. In previous Raman spectroscopic
studies in our laboratory we have examined
the encrustations of Dirina massiliensis forma
sorediata on a variety of stone substrata and
have identified the presence of calcium
oxalate even on non-calcareous substrata
(Edwards er al. 1997).

In the foliicolous lichens under study, the
presence of calcium oxalate can reasonably
be attributed to a reaction between oxalic
acid produced by the mycobiont of the
lichen with calcium ions derived from
airborne dust and dissolved in rain falling
on the forest canopy (Jordan er al. 1980;
Veneklaas 1990). Since it is unlikely that an
excess of calcium is present under such
conditions, an alternative assumption might
be the excretion and immobilization of
oxalic acid, a terminal metabolite in fungal
and plant tissues. However, the apparent
correlation between the presence of calcium
oxalate clusters or layers in the lichen thallus
and the degree of exposure to light (Liicking
1997, 1998, 1999) also suggests an eco-
morphological function, such as protection
against high light intensities and damage of
the photobiont cells.
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There is some evidence from the literature
that the production of calcium oxalate
responds to varying light intensities, since
this rather simple system suggests a very
effective feedback mechanism: as long as
light is the limiting factor, higher light
intensities induce higher metabolic rates,
and greater quantities of oxalic acid would
have to be immobilized by excretion. In
turn, the accumulating calcium oxalate
crystals would then reduce light intensities
by partial reflection. How these crystals are
morphologically organized in the thallus,
their possible morpho-ecological function,
and the role of light in their production have
yet to be fully explored.

Conclusions

The Fourier transform Raman spectra, with
characteristic vibrational Raman bands at
1490 and 1463 c¢cm !, obtained from
Calenia triseprara, Echinoplaca strigulacea and
Tricharia carnea, foliicolous lichens growing
on leaves in the Costa Rican rainforests,
show the significant presence of calcium
oxalate monohydrate. In spite of the lack of
calcium ions available via the leaf itself, this
result can be compared with those described
by Wadsten & Moberg (1985) showing the
same behaviour in other lichen species on
different substrata lacking calcium ions. One
reasonable explanation for the presence of
calcium oxalate in such quantities could be
as a result of the incorporation of calcium
ions from airborne dust and/or dissolved in
rain falling on the forest canopy.
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