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Extraction of arsenic compounds from lichens
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Abstract

Different extraction procedures were applied to improve the extraction efficiency of arsenic compounds from lichens. Two lichen species were
chosen from an arsenic-contaminated environment: epiphyticHypogymnia physodes (L.) Nyl. and terricolousCladonia rei Schaer. Samples were
extracted with water at temperatures of 20, 60 and 90◦C, using mixtures of methanol/water (9:1, 1:1 and 1:9), Tris buffer and acetone and the
extracts speciated. Water and Tris buffer showed the best extraction efficiency of all extractants used; however, the extraction efficiency was still
less than 23%. Since a major fraction of arsenic appeared to be associated with trapped soil particles, a sequential extraction procedure originally
designed for soils (extraction steps: (1) 0.05 mol l−1 (NH4)2SO4; (2) 0.05 mol l−1 (NH)4H2PO4; (3) 0.2 mol l−1 NH4-oxalate buffer, pH 3.25; (4)
mixture of 0.2 mol l−1 NH -oxalate buffer and 0.1 mol l−1 ascorbic acid, pH 3.25; (5) 0.5 mol l−1 KOH) was applied and found to remove 45% of
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he total arsenic fromH. physodes and 83% fromC. rei. The lipid-soluble fraction of arsenic was estimated byk0-INAA analysis of diethylethe
xtracts and was found to be negligible. An HPLC-UV-HGAFS system was used to determine the arsenic compounds extracted. In
pecies, arsenous acid, arsenic acid, monomethylarsonic acid, dimethylarsinic acid, arsenobetaine, trimethylarsine oxide and glycerowere
etected. In addition, phosphate-ribose was found inH. physodes.
2005 Elsevier B.V. All rights reserved.
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. Introduction

According to the International Association for Lichenology,
lichen is an association between a fungus and a photosyn-

hetic symbiont, which results in a stable thallus of specific
tructure. Lichens are able to acquire substances from the envi-
onment through the whole surface of the thallus in two ways:
a) by entrapment of particles from the air or substrate and
b) by extra- and/or intracellular uptake of ions from solution
1–6]. As at least epiphytic lichens are supposed to reflect atmo-
pheric concentrations of pollutants[6–8], they are often used
s bioindicators of air pollution. Usually total concentrations
f pollutants are monitored in lichens, and studies dealing with

his problem are numerous (e.g.[8–14]). However, in this way
o information on the chemical form of elements present in the
nvironment is obtained. It is also not known how the com-
ounds from the environment are reflected in lichens, if they
re taken up selectively by the lichens, and if they are in any
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way metabolized in this association. Therefore, the stud
speciation of chemical compounds is necessary, not on
lichens, but also in the bioavailable portions of the environm
from where lichens are able to acquire those compounds
soil and air). To improve our knowledge of lichen behav
in relation to their environment, efficient isolation/extraction
compounds of the elements of interest from samples of liche
needed.

Investigations dealing with arsenic in lichens are few in n
ber and mostly do not concentrate predominantly on lich
Due to the chemical complexity of lichens, the extraction
ciencies of arsenic are low and therefore limiting in the s
of arsenic speciation, defined as the determination of ar
compounds (for arsenic compounds, seeTable 1). In mos
cases, methanol/water (1:1 and 9:1) has been used as e
tant with lichens[15–17]. Extraction efficiencies obtained
those cases ranged from 1.1 to 42% and were lichen sp
dependent. The highest extraction efficiency was achieve
an undetermined species from the genusCladonia (42%)[16].
Kuehnelt et al.[17] intercompared the extraction of two lich
samples of different species (Alectoria ochroleucaandUsnea
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Table 1
Arsenic compounds investigated in this study

Abbreviation Formula

Anionic arsenic compounds
Arsenous acid As(III) H3AsO3

Arsenic acid As(V) H3AsO4

Monomethylarsonic acid MMAA CH3AsO(OH)2
Dimethylarsinic acid DMAA (CH3)2AsO(OH)

Cationic arsenic compounds
Arsenobetaine AsB (CH3)3As+CH2COOH
Arsenocholine AsC (CH3)3As+CH2CH2OH
Tetramethylarsonium ion TETRA (CH3)4As+

Trimethylarsine oxide TMAO (CH3)3As+OH

Arsenosugars
Glycerol-ribose (R = OH)
Phosphate-ribose (R = OPO3HCH2CHOHCH2OH)
Sulfate-ribose (R = SO3H)
Sulfonate-ribose (R = OSO3H)

and found higher extraction yields for extraction with pure
water (7 and 25%, respectively). The better extractability with
water was explained by the statement that glycerol-ribose is
better removed by water than by a 9:1 methanol/water mix-
ture. Sequential extraction with Milli-Q water–CaCl2–H3PO4
was applied by Farinha et al.[18] to transplants ofParmelia
sulcata, where extraction efficiencies of 0.7–9.3% were
achieved.

Regarding speciation of arsenic in lichens, the literature was
reviewed by Dembitsky and Rezanka[19] and by Dembit-
sky and Levitsky[20]. In lichens, both inorganic and organic
arsenic compounds were recorded. Besides the dominant inor-
ganic arsenic, Koch et al.[15] reported phosphate-ribose and
trace amounts of DMAA and glycerol-ribose in lichen samples
from the generaBryoria, Alectoria andCladonia. Arsenite and
arsenate were the major arsenic compounds in lichens (mostly
species from the genusCladonia) from Yellowknife, Canada,
and represented as much as 62–93% of total extracted arsenic.
In this study, arsenobetaine was reported for the first time for
lichens and was present in all analysed samples[16]. Besides
that, glycerol-ribose was detected in two lichen samples and the
presence of an unknown compound was recorded. Kuehnelt et
al. [17] reported arsenobetaine as the major compound in the
lichenA. ochroleuca and as one of the major compounds in the
lichenU. articulata. Glycerol-ribose was the major compound
in Usnea. Farinha et al.[18] found only anionic arsenic com-
p of
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Nyl.) and one terricolous (Cladonia reiSchaer.). A soil sample
from the area where the lichens were obtained was also exam-
ined, to see if arsenic content of lichens could be directly ascribed
to soil. In extracts, arsenic speciation was investigated to see the
influence of extractant on speciation and to get information on
the arsenic compounds present.

2. Experimental

Samples of the two lichen speciesH. physodes and C. rei
collected in April 2003, and one representative soil sample col-
lected in September 2004, were taken. Samples were collected in
Žerjav, Slovenia, close to the former lead–zinc mine and smelter,
where preliminaryk0-INAA analyses have shown an increased
content of arsenic in samples from the environment.

2.1. Sample preparation

Lichen samples were moistened and substrate was removed
by nylon tweezers. Subsequently, they were freeze-dried and
made brittle by immersion in liquid nitrogen and then crushed
and ground in a mortar. ForCladonia, only podetia (=vertical
parts of thalli) were used to make a powder in order to avoid
contamination from soil. The soil sample was freeze-dried and
then sieved at 0.5 mm mesh and divided into fractions >0.5 mm
(soil 1) and <0.5 mm (soil 2). Fractions were homogenized in
l
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m l and
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M of
ounds (inorganic arsenic, DMAA and MMAA) in samples
he transplanted lichenP. sulcata. Variations in arsenic com
ounds present in lichens studied so far were explained b
ossibilities: (a) differences in lichen species and therefor
etabolism of arsenic and (b) differences in their environm

16].
Our present study was aimed to improve the extraction

iency of arsenic in lichens. Comparison was made betwee
pecies of lichens, one corticolous (Hypogymnia physodes(L.)
o

o

iquid nitrogen.

.2. Determination of total As

For determination of total As in samples, thek0-INAA
ethod was employed. About 100 mg of homogenized soi
bout 180 mg of powdered lichen were pressed into tab
ealed into polyethylene ampules and irradiated in the TR
ark II Reactor, Ljubljana, at a neutron fluence rate
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Table 2
Extractant media and extraction conditions for the extraction of arsenic from lichens

Extractant Extraction conditions Sample:extractant ratio (w/v)

Water 20◦C, 16 h, shaking bath 1:50
Water 60◦C, 16 h, shaking bath 1:50
Water 90◦C, 6 h, shaking bath 1:50
Methanol/water, 9:1 20◦C, 16 h, shaking bath 1:50
Methanol/water, 1:1 20◦C, 16 h, shaking bath 1:50
Methanol/water, 1:9 20◦C, 16 h, shaking bath 1:50
Tris (C4H11NO3), 10 mmol l−1, pH 7.6 20◦C, 16 h, shaking bath 1:50
Acetone 20◦C, 16 h, shaking bath 1:50

1.1× 1012 n cm−2 s−1 for 20 h. Thek0-method[21] was used
to calculate the total concentrations of arsenic.

2.3. Extraction procedure

Various extractant media and various extraction condi-
tions were applied to extract arsenic from lichens and soil
(Tables 2 and 3). All chemicals used in the procedure were of
analytical grade quality. For water solution preparations, Milli-Q
Plus water (Millipore) was employed (18.2 M�cm).

When enough material was available, 0.5 g of homogenized
sample was weighed into a 50 ml centrifuge tube. An appropriate
volume of extractant was added to achieve the desired sample
to extractant ratio (seeTable 2). The tubes were immersed into
liquid nitrogen and afterwards in hot water three times to break
down the cells. Then, they were mounted into an end-to-end
shaking water bath (Julabo SW 22) and after incubation (for
times and temperatures, seeTable 2) they were centrifuged at
3200 rpm for 10 min. Extracts were decanted. Aqueous extracts
were freeze-dried immediately. Where methanol and acetone
were used as extractants, extracts were dried in a rotary evapo-
rator at a water bath temperature of 40◦C. Dry extracts were
resuspended in a small amount of water (about 3–5 ml) and
filtered through a Hydrophilic PVDF 0.45�m membrane fil-
ter (Millipore Millex HV). The final mass of the extracts was
r in
d
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for soil samples was achieved already with the former extraction
steps.

Lichen samples were additionally extracted in 25 ml of
diethylether for 8 h. From time to time they were shaken man-
ually. After extraction they were centrifuged at 3200 rpm for
10 min and following decantation, the extracts were left open
overnight under a fume hood to evaporate the diethylether. The
dry extract was resuspended in a small amount of diethylether
and transferred to a 4 ml polyethylene ampule and left to
dry again. They were sealed and irradiated in the TRIGA
Mark II Reactor, Ljubljana, at a neutron fluence rate of
1.1× 1012 n cm−2 s−1 for 20 h. Thek0-method[21] was used
to calculate total concentrations of arsenic.

2.4. Arsenic analyses in extracts

Total arsenic was determined by ICP-MS after microwave
digestion of filtered extracts. 0.5–1 ml of water extract was
weighed into a PTFE digestion vessel and then 6 ml 65% HNO3
and 2 ml 30% H2O2 were added. The vessel was capped and
placed in the turntable of a microwave system (Milestone MLS-
1200 MEGA Microwave Digestion System, Shelton, CT, USA).
The digestion procedure consisted of the following steps: 1 min
at 250 W, 2 min at 0 W, 5 min at 250 W, 2 min at 400 W and
10 min at 600 W. After the digestion was completed, the vessel
w 0 ml
w
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ecorded before filtering. All extractions were performed
uplicate.

In the case of the sequential extraction procedure accord
enzel et al.[22], 1 g of dry material was used. The amount

xtractants added can be seen inTable 3. After centrifugation
xtracts were decanted and filtered immediately, omitting
rying procedure. The last extraction step with KOH was app
nly to lichen samples, as a high enough extraction effici

able 3
equential extraction scheme for arsenic in soil according to Wenzel et a[22]

xtractant

NH4)2SO4, 0.05 mol l−1

NH)4H2PO4, 0.05 mol l−1

H4-oxalate buffer, 0.2 mol l−1; pH 3.25
ash step NH4-oxalate, 0.2 mol l−1; pH 3.25
H4-oxalate buffer, 0.2 mol l−1 + ascorbic acid, 0.1 mol l−1; pH 3.25
ash step NH4-oxalate, 0.2 mol l−1; pH 3.25
OH, 0.5 mol l−1
o

as cooled to room temperature and the digest diluted to 5
ith water.
ICP-MS analysis for total arsenic in the digests was ca

ut using a Hewlett-Packard 4500 PLUS ICP-MS spectrom
quipped with a Cetac ASX-500 autosampler, Babington n

izer and Scott spray chamber.75As masses were measured w
n integration time of 0.3 s per channel (three channels per

n five replicates. Arsenic calibration solutions (0, 0.5, 1, 5,

xtraction conditions Sample:extractant ratio (w/

0◦C, 4 h, shaking bath 1:25
0◦C, 16 h, shaking bath 1:25
0◦C, 4 h, shaking bath, in the dark 1:25
0 min, shaking bath, in the dark 1:12.5
6◦C, 30 min, water basin 1:25
0 min, shaking bath, in the dark 1:12.5
0◦C, 5 min, shaking bath 1:50
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20, 50, 100 and 500 ng ml−1) were run before and after each
sample series; in-between calibration checks were performed
after each four samples. Arsenic concentrations in unknown
solutions were calculated based on an external calibration curve
and corrected for spectroscopic interferences from ArCl. Rela-
tive standard deviations for ICP-MS measurements were below
20%.

For determination of arsenic compounds in extracts a pre-
viously developed HPLC-UV-HGAFS system was used[23].
The arsenic compounds listed inTable 1were used as stan-
dards. Concentrations of 10–50 ng g−1 for anionic and cationic
compounds and of 10–150 ng g−1 for arsenosugars were pre-
pared fresh daily from stock solutions, as given in refer-
ence [23]. Anion (Hamilton PRP X-100, 250 mm× 4.1 mm
with 15 mmol l−1 KH2PO4, pH 6.1) and cation exchange
columns (Alltech Adsorbosphere SCX 5U, 250 mm× 4.6 mm
with 2.5 mmol l−1 pyridine, pH 2.65) were used to separate
anionic and cationic arsenic compounds, respectively. For the
separation of arsenosugars, an anion exchange column (Hamil-
ton PRP-X100, 250 mm× 4.1 mm with 20 mmol l−1 KH2PO4,
pH 5.8) was used. Triplicate injections of each extract on each
column were performed. On-line UV decomposition (3.1 m
long, 0.5 mm i.d. FEP Teflon tubing coiled around an 8 W Camag
UV lamp, 254 nm, with a flow of 2% K2S2O8 in 2% NaOH) was
used for the determination of arsenosugars and cationic arsenic
c ming
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Fig. 1. Examples of anionic exchange chromatograms (HPLC-UV-HGAFS)
for H. physodes (above; Hamilton PRP X-100, 250 mm× 4.1 mm, 20 mmol l−1

KH2PO4, pH 5.8, on-line UV-decomposition) andC. rei (below; Hamilton PRP
X-100, 250 mm× 4.1 mm, 15 mmol l−1 KH2PO4, pH 6.1). P-ribose: phosphate-
ribose.

No matrix effects were detected concerning peak areas and only
minor shifts (of 10–20 s) towards shorter retention times were
observed.

3. Results and discussion

3.1. Total arsenic content

The results ofk0-INAA analysis for our samples of lichens
revealed concentrations of arsenic (5.04± 0.09�g g−1 for H.
physodes and 1.09± 0.08�g g−1 for C. rei), which were above
background values for arsenic for the lichen speciesH. physodes
(0.51± 0.17�g g−1) for the year 1992 in Slovenia[12]. Fur-
ther investigations of background values for Slovenia in the
year 2001 showed even lower values[25]. Total concentrations
of As in soil fractions were much higher than in lichens. The
soil fraction >0.5 mm contained as much as 190± 18�g g−1

of As, but concentrations in fraction <0.5 mm were even higher
(322± 24�g g−1 As). Therefore, the pool of arsenic in the inves-
tigated area of the former lead–zinc mine inŽerjav is huge,
though the uptake of arsenic by a particular organism depends
on the bioavailability of arsenic (which depends on its chem-
ical form and environmental conditions), the characteristics of
the organism itself and of its associations with other organisms
(e.g. mycorrhizae)[26–30].

3

from
l sults
ompounds in order to decompose the non-hydride-for
ompounds and compounds which form hydrides with low
iency, prior to the hydride generation step (4.4 mol l−1 HCl,
.0 ml min−1 and 1.5% NaBH4 in 0.1% NaOH, 3 ml min−1). An
xcalibur (PS Analytical, Kent, UK) atomic fluorescence sp

rometer was used for the detection of volatile arsenic hydr
or safety reasons, the AFS spectrometer was placed
fume hood to prevent toxic arsines entering the labor

ir. The presence of thio arsenosugars in samples was
s suggested by Schmeisser et al.[24]. The analytical peak
btained were evaluated in terms of peak area by external
ard calibration. Detection limits ranged from 1 to 3 ng g−1 for
s(III), As(V) and MMAA and were about 6 ng g−1 for DMAA,
sB, TMAO, glycerol-ribose and phosphate-ribose. Calibra
urves were linear up to approximately 300 ng g−1. Relative
tandard deviations for main constituents were up to 10%
. physodes, up to 15% forC. rei and up to 5% for soil sample
elative standard deviations for minor constituents were u
5%. Sample chromatograms for lichens are given inFig. 1.

.5. Quality assurance

Since no suitable reference material is available for ars
peciation in lichens and problems of arsenic extraction
pecific to this type of sample, a lichen sample from an
ontaminated environment (H. physodes, total As 0.18�g g−1)
as prepared in the same way as the two lichens from
rsenic-contaminated environment according to the proc
escribed above and incubated at 25◦C in a shaking bath fo
6 h. Using HPLC-UV-HGAFS, the background lichen sam
as analysed to confirm the absence of any arsenic comp
piked with arsenic compounds of interest and analysed a
d,
.

.2. Extracted arsenic compounds

Fig. 2summarizes the extraction of arsenic compounds
ichens and soil fractions in different extractants. The re
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Fig. 2. Extraction of arsenic compounds from lichens and soil using different extraction conditions (note the differenty scales). Average values of duplicate extractions
and triplicate speciation analyses are shown. Glycerol-ribose is not included. P-ribose: phosphate-ribose; M/W: methanol/water.

reveal that extraction of water-soluble arsenic compounds in
the two lichen species shows a different pattern, whereas soil
fractions are comparable. It must be emphasized that glycerol-
ribose is not presented in the figures, although it was present
in both lichen species. Due to the non-optimized conditions
for analysis of arsenosugars, the coelution of glycerol-ribose,
As(III), TMAO and AsB occurred in the first peak of the anion
exchange chromatogram. Cation exchange chromatography also
suffered from a matrix effect and partial coelution of DMAA and
glycerol-ribose was observed. For this reason concentrations
of glycerol-ribose in extracts were only approximately esti-
mated by subtracting As(III) (anion exchange separation without
UV decomposition), TMAO and AsB (both cation exchange
with UV decomposition) from the anion exchange signal (with

UV decomposition). In that way, concentrations of glycerol-
ribose were estimated to be about 100 ng g−1 dry weight forH.
physodes and about 40–50 ng g−1 dry weight forC. rei in the
case of the best extractability.

3.3. Extraction efficiency of arsenic compounds with
common extractants

The extraction of As(III) and As(V) from lichens was the
best applying pure water as extractant. Additions of methanol
decreased the extraction efficiency of these two compounds.
MMAA and DMAA were generally not influenced by the type
of extractant used (except for acetone); the same is true for AsB.
Only extraction at 90◦C in pure water seems to be inappropriate
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Table 4
Extraction efficiency (%), calculated from total concentrations of arsenic in
filtered extracts obtained by ICP-MS analysis and from total concentrations of
arsenic in whole material obtained byk0-INAA

Extractant H. physodes C. rei Soil 1 Soil 2

Water 20◦C 14.2 18.0 0.9 0.3
Water 60◦C 19.2 17.9 2.5 0.6
Water 90◦C nd 20.4 1.7 0.3
Methanol/water, 9:1 8.7 nd – –
Methanol/water, 1:1 17.0 17.4 – –
Methanol/water, 1:9 14.3 17.3 – –
Tris 14.7 22.4 – –
Acetone 4.7 6.4 – –

Best extractabilities are indicated in bold.

for extraction of AsB. In all samples the amounts of AsB
extracted were decreased or even below the detection limit in
the case when aqueous extraction was performed at 90◦C. The
concentrations of TMAO increased in these conditions. Spiking
experiments (an extraction mixture of background lichens was
spiked with AsB) also resulted in losses of AsB (approximately
30%), but an increase of TMAO concentration was not observed
and thus degradation of AsB into TMAO could not be confirmed.
Phosphate-ribose, which was detected only inH. physodes, was
extracted only in extractants with added methanol and to some
extent in Tris buffer. The extraction efficiency of phosphate-
ribose was the best for methanol/water (1:1) > methanol/water
(1:9) > Tris buffer. However, in general, mixtures of methanol
and water, which are usually applied to plant samples[31], were
shown to be inferior in comparison to pure water for lichens. To
check for the presence of thio arsenosugars, the extracts were
oxidized with H2O2 as suggested by Schmeisser et al.[24]. The
results remained the same as before oxidation, confirming that
thio arsenosugars were absent in our samples.

Application of different extractants showed no improvement
of the yield of extraction in comparison to data from the lit-
erature[15–18]; in some cases, it was even worse. Extraction
efficiencies were low (Table 4). ForH. physodes the maximum
extraction yield was 19.2% using hot water as extractant and for
C. rei 22.4% using Tris buffer as extractant. Only minor por-
tions of total arsenic from soil fractions were extractable with
p less).

ected
b c in
e ens
s either
r visi-
b cases
r acts

3

n of
A d to
a
o l par
t oth

Fig. 3. Extractability of As from lichens and soil using the sequential extraction
scheme according to Wenzel et al.[22]. Average values of total extracted As are
shown. Standard deviations were in general less than 2%.

lichens, it could be assumed that the majority of As and other
metals, which are usually analysed in bioindication studies on
lichens, could be found in small soil particles trapped in thalli.
It was already suggested by Koch et al.[16] that unextracted
As might be in mineralized form on the outside of fungi and
lichens. Applying the sequential extraction procedure accord-
ing to Wenzel et al.[22], we were able to extract about 45%
of the total arsenic fromH. physodes and 83% fromC. rei
(Fig. 3). The extractability of arsenic fromC. rei was compa-
rable to the extractability of arsenic from soil fractions (89%
for the fraction >0.5 mm and 93% for the fraction <0.5 mm).
According to Wenzel et al.[22], the (NH4)2SO4 extraction
step removes from soil non-specifically sorbed As (bioavailable
As), (NH4)H2PO4 specifically sorbed As, NH4-oxalate buffer
amorphous and poorly crystalline hydrous oxides of Fe and Al,
the mixture consisting of NH4-oxalate buffer and ascorbic acid
well-crystallized hydrous oxides of Fe and Al, and KOH As-
sulfides. This “soil-like” arsenic in lichens could be explained
by contamination of lichens with soil particles. The highest soil
contamination is expected in terricolous lichens (C. rei), due
to their place of growth (soil). Despite careful sample prepa-
ration, in which all visible contamination was removed from
the lichens, it is impossible to remove soil particles, which can-
not be seen with the naked eye during the cleaning procedure.
Epiphytic lichens may become contaminated by wind-blown
soil particles. Blow-off of soil by the wind is a common prob-
l in the
a t-
t n
( d Al)
p nic,
w tant
a ul
r f-
i

ure water and thus regarded as bioavailable (2.5% or even
When sum of the arsenic compounds in extracts, det

y HPLC-UV-HGAFS, was compared to the total arseni
xtracts, determined by ICP-MS, it was found that in lich
ome arsenic compounds must have been present that
emained bound to the chromatographic column or were in
le to the detection system used. These compounds in some
epresented as much as the half of the total arsenic in extr

.4. Sequential extraction

Due to the lack of success in improving the extractio
s from lichens using different extractants, it was decide
pply a sequential extraction procedure used for soils[22]. Since
bservations under a magnifying glass revealed small soi

icles on the inner and outer surfaces (hollow thalli) of b
.

-

em in degraded, metal-contaminated environments, also
rea where our samples were collected[32]. However, the pa

ern of soil arsenic, where the NH4-oxalate extractable fractio
amorphous and poorly crystalline hydrous oxides of Fe an
revails, differed very much from the pattern of lichen–arse
here NH4-oxalate extractable fraction was the least impor
rsenic pool (Fig. 3). In the case ofC. rei, the most successf
emoval of arsenic was the (NH4)H2PO4 extraction step (speci
cally sorbed arsenic), whereas in the case ofH. physodes the
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extraction was more or less equal in all steps. Fedotov et al.
[33] reported that the sequential extraction procedure underesti-
mates the non-specifically sorbed fraction of arsenic (removable
with (NH4)2SO4) in soil and sludge samples. Differences in the
extractability patterns of lichen trapped soil and soil itself may
be explained by lichen transformation of the arsenic fractions in
trapped soil. FromFig. 3, it is evident that the amount of easily
and readily mobilizable arsenic in lichens is higher in com-
parison to soil. Grafe et al.[34,35] investigated the influence
of dissolved organic carbohydrates (DOC) on the adsorption
behaviour of arsenic on iron oxides. They found a decrease of
As(V) and As(III) adsorption on goethite (well-crystallized iron
oxide) in the presence of DOC (humic acid, fulvic acid and
citric acid). Adsorption of As(V) onto ferrihydrite (poorly crys-
talline iron oxide) was decreased in the presence of citric acid,
while As(III) adsorption was reduced in the presence of fulvic
and citric acid. A similar influence (increased availability as a
consequence of desorption activity) of water-soluble carbohy-
drates on arsenic adsorbed on trapped soil particles could also
occur in lichens. Lichens are also known to be able to acceler-
ate the weathering of mineral substrates (biodeterioration of the
cultural heritage!), not only by physical, but also by chemical
means. The mechanisms of this chemical activity are the pro-
duction of respiratory CO2, excretion of oxalic acid and lichen
substances, possibly also alkaline metabolic and enzymatic reac-
tions, e.g.[36,37]. Kasama et al.[38] have shown that lichens are
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Fig. 4. Extractability of As from soil alone and soil added to an extraction
mixture of powdered lichenH. physodes using the sequential extraction scheme
according to Wenzel et al.[22]. Average values of total extracted As are shown.
Standard deviations were in general less than 2%.

the presence of mainly As(V) and smaller amounts of As(III).
In C. rei, some MMAA was detected as well in the extract of
the (NH4)2SO4 step.

3.5. Lipid-soluble arsenic

Although a part of the non-water-soluble arsenic can be
ascribed to soil arsenic, we still ended up with approximately
35% of “missing” arsenic in the case ofH. physodes. As this
arsenic might be in the form of arsenolipids[15], preliminary
diethylether extraction of lichen samples was performed and the
arsenic content of the dried extracts investigated by INAA. The
amount of lipid-soluble arsenic was found to be negligible: in
the sample ofH. physodes it was estimated to be about 55 ng g−1

dry weight, whereas inC. rei it represented only about 3 ng g−1.

4. Conclusions and outlook

Lichens are chemically complex matrices from which the
isolation of arsenic compounds is certainly not an easy task.
The majority of arsenic cannot be extracted using the com-
mon extractants which are usually applied to biological samples,
but improvement of extraction yield was achieved employing
sequential extraction as used for soils. Therefore, it can be
assumed that at least part of the arsenic in lichens is in the
form of small soil particles, and this “soil-like” arsenic can con-
t rding
b ively
a taken
u udies
o hens
( ect
t envi-
r ow
ble to alter mineral particles trapped inside the thallus. Se
rapped inside the medullary part of thallus ofTrapelia involuta
ontained more Fe and less K in comparison to sericite in
ock substrate. Polysaccharides were proposed to be po
ssociated with the dissolution of sericite minerals.

To check whether some short-term effects of lichens on
xtractability pattern of arsenic from soil could be obser
0 mg of soil sample (soil 2) was added to an extraction mix
f water and 0.5 g of powderedH. physodes from the backgroun
nvironment (total As content 0.18�g g−1), pretreated at 25◦C

n a shaking bath for 16 h, incubated again at 25◦C in a shaking
ath for 24 h, freeze-dried to dryness and extracted accord

he sequential extraction scheme[22]. As a control, a soil sam
le (soil 2) was extracted in the same way again. Soil incub

n the presence of lichen resulted in a changed extracta
attern of As from soil (Fig. 4). The quantity of bioavailable
reatly increased and the amount of As bound to amorphou
oorly crystalline hydrous oxides of Fe and Al decreased. Q

ities of specifically sorbed As and As bound to well-crystalli
ydrous oxides of Fe and Al, also decreased. These results
e explained by the influence of DOC. These are short-
ffects, which can occur when an As-contaminated soil pa
omes into contact with the metabolically active (wetted) lic
hallus. Long-term effects may involve further transformat
e.g. of bioavailable inorganic As into organic As compoun
nd translocations of As. A study of long-term effects wo
equire living thalli (or at least isolated bionts) in control
onditions.

Speciation analysis of sequential extracts (only (NH4)2SO4,
NH4)H2PO4 and NH4-oxalate extractable fractions were fou
o be relevant for speciation analysis) of lichens and soil reve
 d

ribute as much as 80% of the arsenic in lichens. Rega
ioindication issues, lichens do not act simply and pass
s air filters, but are able to metabolize the substances
p, as was also confirmed by the arsenic-speciation st
f A. Marchado (personal communication) on exposed lic
Flavoparmelia caperata). Consequently, lichens do not refl
he situation regarding the chemical forms present in the
onment from where they were taken. It is not known h
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arsenic metabolism in lichens works, what roles are played by
the lichen-forming fungus and what by the algae. It might be
possible that the lichen-forming fungus acts similarly to the
mycorrhizal symbiontHymenoscyphus ericae [27], to protect
photosynthesising algae from excess of arsenic. As some of
the completely non-lichen-forming ascomycetous fungi such as
Penicillium andAspergillus are supposed to derive from lichen-
forming ancestors[39,40], and some of the representatives of
the generaPenicillium andAspergillus were shown to produce
arsines (e.g. reviewed by Bentley and Chasteen[41]), it would
be of interest if such metabolic pathways also exist in lichens.
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[23] Z. Šlejkovec, J.T. Van Elteren, U.D. Woroniecka, Anal. Chim. Acta 443

(2001) 277–282.
[24] E. Schmeisser, R. Raml, K.A. Francesconi, D. Kuehnelt, A.-L. Lindberg,

C. S̈orös, W. Goessler, Chem. Commun. (2004) 1824–1825.
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