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Abstract

Different extraction procedures were applied to improve the extraction efficiency of arsenic compounds from lichens. Two lichen species wk
chosen from an arsenic-contaminated environment: epipHypogymnia physodes (L.) Nyl. and terricolousCladonia rei Schaer. Samples were
extracted with water at temperatures of 20, 60 and®@Qusing 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
less than 23%. Since a major fraction of arsenic appeared to be associated with trapped soil particles, a sequential extraction procedure origi
designed for soils (extraction steps: (1) 0.05 mbIINH,).SO;; (2) 0.05mol 1 (NH);H,PQy; (3) 0.2 mol It NH,-oxalate buffer, pH 3.25; (4)
mixture of 0.2 molt* NH,-oxalate buffer and 0.1 mott ascorbic acid, pH 3.25; (5) 0.5 moll KOH) was applied and found to remove 45% of
the total arsenic fron#l. physodes and 83% fromC. rei. The lipid-soluble fraction of arsenic was estimatedipyNAA analysis of diethylether
extracts and was found to be negligible. An HPLC-UV-HGAFS system was used to determine the arsenic compounds extracted. In both licl
species, arsenous acid, arsenic acid, monomethylarsonic acid, dimethylarsinic acid, arsenobetaine, trimethylarsine oxide and glywerel-ribose
detected. In addition, phosphate-ribose was fourfd. iphysodes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction way metabolized in this association. Therefore, the study of

speciation of chemical compounds is necessary, not only in
According to the International Association for Lichenology, lichens, but also in the bioavailable portions of the environment

a lichen is an association between a fungus and a photosyfrom where lichens are able to acquire those compounds (e.g.

thetic symbiont, which results in a stable thallus of specificsoil and air). To improve our knowledge of lichen behaviour

structure. Lichens are able to acquire substances from the envit relation to their environment, efficient isolation/extraction of

ronment through the whole surface of the thallus in two wayscompounds of the elements of interest from samples of lichens is

(a) by entrapment of particles from the air or substrate andheeded.

(b) by extra- and/or intracellular uptake of ions from solution Investigations dealing with arsenic in lichens are few in num-

[1-6]. As at least epiphytic lichens are supposed to reflect atmdser and mostly do not concentrate predominantly on lichens.

spheric concentrations of pollutari&-8], they are often used Due to the chemical complexity of lichens, the extraction effi-

as bioindicators of air pollution. Usually total concentrationsciencies of arsenic are low and therefore limiting in the study

of pollutants are monitored in lichens, and studies dealing wittof arsenic speciation, defined as the determination of arsenic

this problem are numerous (e[§-14]). However, in this way compounds (for arsenic compounds, Seble 1). In most

no information on the chemical form of elements present in theases, methanol/water (1:1 and 9:1) has been used as extrac-

environment is obtained. It is also not known how the com-tant with lichens[15-17]. Extraction efficiencies obtained in

pounds from the environment are reflected in lichens, if theythose cases ranged from 1.1 to 42% and were lichen species

are taken up selectively by the lichens, and if they are in anylependent. The highest extraction efficiency was achieved for
an undetermined species from the gefitglonia (42%)[16].
Kuehnelt et al[17] intercompared the extraction of two lichen

* Corresponding author. Tel.: +386 1 5885 354; fax: +386 1 5885 346. samples of different species (Alectoria ochroleu@nd Usnea
E-mail address: tanja.mrak@ijs.si (T. Mrak). articulata) with methanol/water (9:1) and pure water at°®5
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Table 1
Arsenic compounds investigated in this study
Abbreviation Formula
Anionic arsenic compounds
Arsenous acid As(lll) HAsO3
Arsenic acid As(V) H3AsO4
Monomethylarsonic acid MMAA CH3AsO(OH)
Dimethylarsinic acid DMAA (CHg3)2AsO(0OH)
Cationic arsenic compounds
Arsenobetaine AsB (CH3)3As*CH,COOH
Arsenocholine AsC (CB)3As*CH,CH,OH
Tetramethylarsonium ion TETRA (GhuAs*
Trimethylarsine oxide TMAO (CHz)3As*OH

Arsenosugars
Glycerol-ribose (R=0H)
Phosphate-ribose (R = OBBCH,CHOHCH, OH) 0
Sulfate-ribose (R = SgH) R
Sulfonate-ribose (R = OSl) HeC—s—CH, o OCH,CHOHCH,R

CH,

OH OH

and found higher extraction yields for extraction with pureNyl.) and one terricolous (Cladonia ré&chaer.). A soil sample
water (7 and 25%, respectively). The better extractability withfrom the area where the lichens were obtained was also exam-
water was explained by the statement that glycerol-ribose iged, to see if arsenic content of lichens could be directly ascribed
better removed by water than by a 9:1 methanol/water mixto soil. In extracts, arsenic speciation was investigated to see the
ture. Sequential extraction with Milli-Q water—CaEH3;POy influence of extractant on speciation and to get information on
was applied by Farinha et dlL8] to transplants oParmelia  the arsenic compounds present.

sulcata, where extraction efficiencies of 0.7-9.3% were

achieved. 2. Experimental
Regarding speciation of arsenic in lichens, the literature was
reviewed by Dembitsky and Rezanka9] and by Dembit- Samples of the two lichen speciék physodes and C. rei

sky and Levitsky[20]. In lichens, both inorganic and organic collected in April 2003, and one representative soil sample col-

arsenic compounds were recorded. Besides the dominant indected in September 2004, were taken. Samples were collected in

ganic arsenic, Koch et al15] reported phosphate-ribose and Zerjav, Slovenia, close to the former lead—zinc mine and smelter,

trace amounts of DMAA and glycerol-ribose in lichen sampleswhere preliminaryo-INAA analyses have shown an increased

from the gener@ryoria, Alectoria andCladonia. Arsenite and  content of arsenic in samples from the environment.

arsenate were the major arsenic compounds in lichens (mostly

species from the genuSladonia) from Yellowknife, Canada, 2.1. Sample preparation

and represented as much as 62-93% of total extracted arsenic.

In this study, arsenobetaine was reported for the first time for Lichen samples were moistened and substrate was removed

lichens and was present in all analysed sam[ilé Besides by nylon tweezers. Subsequently, they were freeze-dried and

that, glycerol-ribose was detected in two lichen samples and theade brittle by immersion in liquid nitrogen and then crushed

presence of an unknown compound was recorded. Kuehnelt ahd ground in a mortar. Fafladonia, only podetia (=vertical

al. [17] reported arsenobetaine as the major compound in thparts of thalli) were used to make a powder in order to avoid

lichenA. ochroleuca and as one of the major compounds in thecontamination from soil. The soil sample was freeze-dried and

lichen U. articulata. Glycerol-ribose was the major compound then sieved at 0.5 mm mesh and divided into fractions >0.5 mm

in Usnea. Farinha et al[18] found only anionic arsenic com- (soil 1) and <0.5mm (soil 2). Fractions were homogenized in

pounds (inorganic arsenic, DMAA and MMAA) in samples of liquid nitrogen.

the transplanted licheR sulcata. Variations in arsenic com-

pounds present in lichens studied so far were explained by twg,2. Determination of total As

possibilities: (a) differences in lichen species and therefore the

metabolism of arsenic and (b) differences in their environments For determination of total As in samples, tig-INAA

[16]. method was employed. About 100 mg of homogenized soil and
Our present study was aimed to improve the extraction effiabout 180 mg of powdered lichen were pressed into tablets,

ciency of arsenic in lichens. Comparison was made between tweealed into polyethylene ampules and irradiated in the TRIGA

species of lichens, one corticolous (Hypogymnia physodgs) Mark Il Reactor, Ljubljana, at a neutron fluence rate of
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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), 100 mmol 1, pH 7.6 20°C, 16 h, shaking bath 1:50
Acetone 20°C, 16 h, shaking bath 1:50

1.1x 102ncm2s1 for 20 h. Theko-method[21] was used for soil samples was achieved already with the former extraction

to calculate the total concentrations of arsenic. steps.
Lichen samples were additionally extracted in 25ml of
2.3. Extraction procedure diethylether for 8 h. From time to time they were shaken man-

ually. After extraction they were centrifuged at 3200 rpm for

Various extractant media and various extraction condi-l0min and following decantation, the extracts were left open
tions were applied to extract arsenic from lichens and soipvernight under a fume hood to evaporate the diethylether. The
(Tables 2 and 3). All chemicals used in the procedure were ofify extract was resuspended in a small amount of diethylether
analytical grade quality. For water solution preparations, Milli-Qand transferred to a 4ml polyethylene ampule and left to
Plus water (Millipore) was employed (18.2 M). dry again. They were sealed and irradiated in the TRIGA

When enough material was available, 0.5 g of homogenize§f!ark 1l Reactor, Ljubljana, at a neutron fluence rate of
sample was weighed into a 50 ml centrifuge tube. An appropriaté-1x 102 ncm2s* for 20 h. Theko-method[21] was used
volume of extractant was added to achieve the desired sampl@ calculate total concentrations of arsenic.
to extractant ratio (se®able 2). The tubes were immersed into
liquid nitrogen and afterwards in hot water three times to break.4. Arsenic analyses in extracts
down the cells. Then, they were mounted into an end-to-end
shaking water bath (Julabo SW 22) and after incubation (for Total arsenic was determined by ICP-MS after microwave
times and temperatures, séable 2) they were centrifuged at digestion of filtered extracts. 0.5—-1 ml of water extract was
3200 rpm for 10 min. Extracts were decanted. Aqueous extractseighed into a PTFE digestion vessel and then 6 ml 65% EINO
were freeze-dried immediately. Where methanol and acetonend 2 ml 30% HO, were added. The vessel was capped and
were used as extractants, extracts were dried in a rotary evapplaced in the turntable of a microwave system (Milestone MLS-
rator at a water bath temperature of°4Q) Dry extracts were 1200 MEGA Microwave Digestion System, Shelton, CT, USA).
resuspended in a small amount of water (about 3-5ml) and@lhe digestion procedure consisted of the following steps: 1 min
filtered through a Hydrophilic PVDF 0.45m membrane fil- at 250W, 2min at 0W, 5min at 250 W, 2min at 400 W and
ter (Millipore Millex HV). The final mass of the extracts was 10 min at 600 W. After the digestion was completed, the vessel
recorded before filtering. All extractions were performed inwas cooled to room temperature and the digest diluted to 50 ml
duplicate. with water.

Inthe case of the sequential extraction procedure accordingto ICP-MS analysis for total arsenic in the digests was carried
Wenzel et al[22], 1 g of dry material was used. The amounts of out using a Hewlett-Packard 4500 PLUS ICP-MS spectrometer
extractants added can be seeMable 3. After centrifugation, equipped with a Cetac ASX-500 autosampler, Babington nebu-
extracts were decanted and filtered immediately, omitting théizer and Scott spray chambéPAs masses were measured with
drying procedure. The last extraction step with KOH was appliedn integration time of 0.3 s per channel (three channels per mass)
only to lichen samples, as a high enough extraction efficiencyn five replicates. Arsenic calibration solutions (0, 0.5, 1, 5, 10,

Table 3

Sequential extraction scheme for arsenic in soil according to Wenzel[22hl.

Extractant Extraction conditions Sample:extractant ratio (w/v)
(NH4)2SQy, 0.05mol 20°C, 4 h, shaking bath 1:25

(NH)4H2PQy, 0.05 mol i1 20°C, 16 h, shaking bath 1:25

NHj-oxalate buffer, 0.2 moH?!; pH 3.25 20°C, 4 h, shaking bath, in the dark 1:25

Wash step Nij-oxalate, 0.2 mott?; pH 3.25 10 min, shaking bath, in the dark 1:12.5

NHj-oxalate buffer, 0.2 moH?! + ascorbic acid, 0.1 mott; pH 3.25 96°C, 30 min, water basin 1:25

Wash step Nij-oxalate, 0.2 mott?; pH 3.25 10 min, shaking bath, in the dark 1:12.5

KOH, 0.5 mol 1 40°C, 5min, shaking bath 1:50
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20, 50, 100 and 500 ng m}) 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 ug2d].
The arsenic compounds listed Table 1were used as stan-
dards. Concentrations of 10-50 nigigfor anionic and cationic
compounds and of 10-150 nglfor 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 15mmol -1 KH,PQy, pH 6.1) and cation exchange
columns (Alltech Adsorbosphere SCX 5U, 250 nard.6 mm
with 2.5mmol -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 mmolt! KH,POy,
pH 5.8) was used. Triplicate injections of each extract on each
column were performed. On-line UV decomposition (3.1 m
long, 0.5mmi.d. FEI.DTeﬂon tubing coiled E.lround an 8chamagkig. 1. Examples of anionic exchange chromatograms (HPLC-UV-HGAFS)
UV lamp, 254 nm, with a flow of 2% 5,08 in 2% NaOH) WaS  tor 17 iysodes (above; Hamilton PRP X-100, 250 mam.1 mm, 20 mmol 1}
used for the determination of arsenosugars and cationic arsemngi,po,, pH 5.8, on-line Uv-decomposition) ard rei (below; Hamilton PRP
compounds in order to decompose the non-hydride-formings-100, 250 mmx 4.1 mm, 15 mmolt* KH2PQy, pH 6.1). P-ribose: phosphate-
compounds and compounds which form hydrides with low effi-fibose.

gl.%nn(;)l/,mri)rr]lﬁr atrc: dtT?S&yﬂg%eH?r? gelr;;[ Iﬁggﬁ’p;:{ﬁmr?:llr S\L NQ matri>_< effects were detected concerning peal_< areas and only
Excalibur (PS Analytical, Kent, UK) atomic fluorescence Spec_mlnor shifts (of 10-20s) towards shorter retention times were

trometer was used for the detection of volatile arsenic hydridesc.)bserved'
For safety reasons, the AFS spectrometer was placed undgr
a fume hood to prevent toxic arsines entering the laboratory”
air. The presence of thio arsenosugars in samples was testg.q. Total arsenic content
as suggested by Schmeisser et[2fl]. The analytical peaks

obtained were evaluated in terms of peak area by external stan- 1ha results oko-INAA analysis for our samples of lichens

dard calibration. Detection limits ranged from 1 to 3 ng dor revealed concentrations of arsenic (5408.09ug g for H.
As(IlN), As(V) and MMAA and were about 6 ngj forDMAA, -, sodes and 1.09¢ 0.08pg g2 for C. rei), which were above
AsB, TMAO, glycerol-ribose and phosphate-ribose. Calibrationy;cxround values for arsenic for the lichen spebigsiysodes
curves were _Im_ear up to a_pproxm_ately 300 nd gRelative (0.51+0.17pg g 1) for the year 1992 in Slovenifi2]. Fur-
standard deviations for main constituents were up t0 10% fOfer jnvestigations of background values for Slovenia in the
H. physodes, up to 15% forC. rei and up to 5% for soil samples. year 2001 showed even lower valUgs]. Total concentrations
Relative standard deviations for minor constituents were up t@¢ as in soil fractions were much higher than in lichens. The
25%. Sample chromatograms for lichens are givefRign 1. soil fraction >0.5mm contained as much as 908pgg*

of As, but concentrations in fraction <0.5 mm were even higher
(322+ 24ug g L As). Therefore, the pool ofarsenicintheinves-
. . - . tigated area of the former lead—zinc mined4arjav is huge,
Since no suitable reference material is available for arsenig, : : .
LT ) . ough the uptake of arsenic by a particular organism depends
speciation in lichens and problems of arsenic extraction are . S ; ) .
o . . on the bioavailability of arsenic (which depends on its chem-
specific to this type of sample, a lichen sample from an non: . - .
. ! 1 ical form and environmental conditions), the characteristics of
contaminated environment (H. physodes, total As 0,489~ ") o . L : .
: ) the organism itself and of its associations with other organisms
was prepared in the same way as the two lichens from th :
. . . : fg.g. mycorrhizae]26-30].
arsenic-contaminated environment according to the procedu
descrlbgd above and incubated at’@5in a shaklr_1g bath for 3> Extracted arsenic compounds
16 h. Using HPLC-UV-HGAFS, the background lichen sample
was analysed to confirm the absence of any arsenic compound, Fig. 2summarizes the extraction of arsenic compounds from
spiked with arsenic compounds of interest and analysed agaitichens and soil fractions in different extractants. The results

Results and discussion

2.5. Quality assurance
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Fig. 2. Extraction of arsenic compounds from lichens and soil using different extraction conditions (note the diffeaéex). 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 iUV decomposition). In that way, concentrations of glycerol-
the two lichen species shows a different pattern, whereas sailbose were estimated to be about 100 nd dry weight forH.
fractions are comparable. It must be emphasized that glycerophysodes and about 40-50 ngd dry weight forC. rei in the
ribose is not presented in the figures, although it was presemtise of the best extractability.

in both lichen species. Due to the non-optimized conditions

for analysis of arsenosugars, the coelution of glycerol-ribose3.3. Extraction efficiency of arsenic compounds with

As(ll), TMAO and AsB occurred in the first peak of the anion common extractants

exchange chromatogram. Cation exchange chromatography also

suffered from a matrix effect and partial coelutionof DMAAand  The extraction of As(lll) and As(V) from lichens was the
glycerol-ribose was observed. For this reason concentratiortsest applying pure water as extractant. Additions of methanol
of glycerol-ribose in extracts were only approximately esti-decreased the extraction efficiency of these two compounds.
mated by subtracting As(lll) (anion exchange separation withouMMAA and DMAA were generally not influenced by the type
UV decomposition), TMAO and AsB (both cation exchange of extractant used (except for acetone); the same is true for AsB.
with UV decomposition) from the anion exchange signal (withOnly extraction at 90C in pure water seems to be inappropriate
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Table 4 100 - ‘

Extraction efficiency (%), calculated from total concentrations of arsenic in =i |

filtered extracts obtained by ICP-MS analysis and from total concentrations of 90 ] 1

arsenic in whole material obtained ky-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 ..‘g

Methanol/water, 9:1 8.7 nd - - 2 B KOH
Methanol/water, 1:1 17.0 17.4 - -

Methanol/water, 1:9 14.3 17.3 _ _ O NH,-oxalate/ascorbic acid
Tris 14.7 224 - - 0 NH,-oxalate
Acetone 4.7 6.4 - -

m (NH,)H,PO,
3 (NH,),S0,

Best extractabilities are indicated in bold.

C. rei
Soil 1
Soil 2

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 &€ 90he
concentrations of TMAO increased in these conditions. Spikingrig. 3. Extractability of As from lichens and soil using the sequential extraction
experiments (an extraction mixture of background lichens wascheme according to Wenzel etf@2]. Average values of total extracted As are
spiked with AsB) also resulted in losses of AsB (approximatelyshown. Standard deviations were in general less than 2%.

30%), but an increase of TMAQO concentration was not observed

and thus degradation of AsB into TMAO could not be Conﬁrmed'lichens, it could be assumed that the majority of As and other

Phosphate-ribose, which was detected onliliphysodes, Was  etals which are usually analysed in bioindication studies on
extracted only in extractants with added methanol and to SOMfthens, could be found in small soil particles trapped in thalli.

gxtent in Tris buffer. The extraction efficiency of phosphate—It was already suggested by Koch et [6] that unextracted
ribose was the best for methanol/water (1:1)>methano|/wateAS might be in mineralized form on the outside of fungi and

(1:9)>Tris buffer. However, in general, mixtures of methanoljichens  Applying the sequential extraction procedure accord-
and water, which are usually applied to plant sam[8&% were . o4 14 \enzel et al[22], we were able to extract about 45%

shown to be inferior in comparison to pure water for lichens. TOuof the total arsenic froni. physodes and 83% fromC. rei

chgc;k for t.he presence of thio arsenosugars, the extracts We(lgig. 3). The extractability of arsenic froifi. rei was compa-
oxidized W'th, HO; as suggested by Schme@ser em]j The rable to the extractability of arsenic from soil fractions (89%
results remained the same as before oxidation, confirming that - 1« fraction >0.5mm and 93% for the fraction <0.5 mm).
thio arsenosugars were ahsent in our samples. According to Wenzel et al[22], the (NH;)2SOy extraction
App"Fa“O” of d'ﬁer?”t gxtractants_ showed no mprovemgntstep removes from soil non-specifically sorbed As (bioavailable
of the yield of extraction in comparison to data from the lit- As), (NHy)H2POy specifically sorbed As, Nidoxalate buffer
erature[15-18]; in some cases, it was even worse. Extraction, j,,rohous and poorly crystalline hydrous oxides of Fe and Al,
efficiencies were low (Table 4). F@f. physodes the maximum e mivire consisting of Nitoxalate buffer and ascorbic acid

extraction yield was 19.2% using hot water as extractant and f%ell-crystallized hydrous oxides of Fe and Al, and KOH As-
C. rei 22.4% using Tris buffer as extractant. Only minor por- g, iiqes. This “soil-like” arsenic in lichens could be explained
tions of total arsenic from soil fractions were extractable W|thb contamination of lichens with soil particles. The highest soil

pure water and thus regarded as bioavailable (2.5% or evenlesg) i mination is expected in terricolous lichens (C. rei), due

When sum of the arsenic compounds in extracts, detectegl yqir pjace of growth (soil). Despite careful sample prepa-
by HPLC'UV'HGAFS’ was compa_lred to the total arsenic N ation, in which all visible contamination was removed from
extracts, determined by ICP-MS, it was found that in lichensy,q jichens; it is impossible to remove soil particles, which can-
SOme arsenic compounds must have_been present thqt e_'tn‘?(ft be seen with the naked eye during the cleaning procedure.
remained bound to the chromatographic column or were 'nV'S'Epiphytic lichens may become contaminated by wind-blown
ble to the detection system used. These compounds in some cages particles. Blow-off of soil by the wind is a common prob-

represented as much as the half of the total arsenic in extract§am in degraded, metal-contaminated environments, also in the

area where our samples were colledtg?]. However, the pat-
3.4. Sequential extraction tern of soil arsenic, where the NFbxalate extractable fraction
(amorphous and poorly crystalline hydrous oxides of Fe and Al)
Due to the lack of success in improving the extraction ofprevails, differed very much from the pattern of lichen—arsenic,
As from lichens using different extractants, it was decided tovhere NH;-oxalate extractable fraction was the least important
apply a sequential extraction procedure used for §i#k Since  arsenic pool (Fig. 3). In the case 6f rei, the most successful
observations under a magnifying glass revealed small soil paremoval of arsenic was the (NfH,PO4 extraction step (specif-
ticles on the inner and outer surfaces (hollow thalli) of bothically sorbed arsenic), whereas in the caséiophysodes the

7]
o)
°
[=]
@
>
=
a
T
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extraction was more or less equal in all steps. Fedotov et al. 100%
[33] reported that the sequential extraction procedure underesti- 90% -
mates the non-specifically sorbed fraction of arsenic (removable . .|
with (NH4)>SQy) in soil and sludge samples. Differences in the 80% 1 ]
extractability patterns of lichen trapped soil and soil itself may
be explained by lichen transformation of the arsenic fractions in
trapped soil. Fronfrig. 3, it is evident that the amount of easily
and readily mobilizable arsenic in lichens is higher in com-
parison to soil. Grafe et a[34,35] investigated the influence
of dissolved organic carbohydrates (DOC) on the adsorption 30% +— | O NH,-oxalate/ascorbic acid
behaviour of arsenic on iron oxides. They found a decrease of 50% — -
As(V) and As(l1l) 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- % T @ (NH,),S0,
talline iron oxide) was decreased in the presence of citric acid,
while As(lll) 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 al'?‘—%. 4. Extractability of As from soil alone and soil added to an extraction
occur in lichens. Lichens are also known to be able to accelekjxyre of powdered lichedi. physodes using the sequential extraction scheme
ate the weathering of mineral substrates (biodeterioration of thgccording to Wenzel et 422]. Average values of total extracted As are shown.
cultural heritage!), not only by physical, but also by chemicalStandard deviations were in general less than 2%.
means. The mechanisms of this chemical activity are the pro-
duction of respiratory CQ excretion of oxalic acid and lichen the presence of mainly As(V) and smaller amounts of As(lll).
substances, possibly also alkaline metabolic and enzymatic reaé C. rei, some MMAA was detected as well in the extract of
tions, e.g[36,37]. Kasama et g38] have shown that lichens are the (NH;)2SOy step.
able to alter mineral particles trapped inside the thallus. Sericite
trapped inside the medullary part of thallusieépelia involuta ~ 3.5. Lipid-soluble arsenic
contained more Fe and less K in comparison to sericite in the
rock substrate. Polysaccharides were proposed to be possibly Although a part of the non-water-soluble arsenic can be
associated with the dissolution of sericite minerals. ascribed to soil arsenic, we still ended up with approximately
To check whether some short-term effects of lichens on th&5% of “missing” arsenic in the case &f physodes. As this
extractability pattern of arsenic from soil could be observedarsenic might be in the form of arsenolipifi$], preliminary
50 mg of soil sample (soil 2) was added to an extraction mixturaliethylether extraction of lichen samples was performed and the
of waterand 0.5 g of powderéfl physodes fromthe background arsenic content of the dried extracts investigated by INAA. The
environment (total As content 0.1& g~1), pretreated at 25C  amount of lipid-soluble arsenic was found to be negligible: in
in a shaking bath for 16 h, incubated again at@5n a shaking the sample off. physodes it was estimated to be about 55 no'g
bath for 24 h, freeze-dried to dryness and extracted according try weight, whereas i@ rei it represented only about 3ngly
the sequential extraction schefi22]. As a control, a soil sam-
ple (soil 2) was extracted in the same way again. Soil incubatiod. Conclusions and outlook
in the presence of lichen resulted in a changed extractability
pattern of As from soil (Fig. 4). The quantity of bioavailable As  Lichens are chemically complex matrices from which the
greatly increased and the amount of As bound to amorphous argblation of arsenic compounds is certainly not an easy task.
poorly crystalline hydrous oxides of Fe and Al decreased. QuariFhe majority of arsenic cannot be extracted using the com-
tities of specifically sorbed As and As bound to well-crystallizedmon extractants which are usually applied to biological samples,
hydrous oxides of Fe and Al, also decreased. These results couddt improvement of extraction yield was achieved employing
be explained by the influence of DOC. These are short-terrsequential extraction as used for soils. Therefore, it can be
effects, which can occur when an As-contaminated soil particlassumed that at least part of the arsenic in lichens is in the
comes into contact with the metabolically active (wetted) licherform of small soil particles, and this “soil-like” arsenic can con-
thallus. Long-term effects may involve further transformationstribute as much as 80% of the arsenic in lichens. Regarding
(e.g. of bioavailable inorganic As into organic As compounds)bioindication issues, lichens do not act simply and passively
and translocations of As. A study of long-term effects wouldas air filters, but are able to metabolize the substances taken
require living thalli (or at least isolated bionts) in controlled up, as was also confirmed by the arsenic-speciation studies
conditions. of A. Marchado (personal communication) on exposed lichens
Speciation analysis of sequential extracts (only gNISOy, (Flavoparmelia caperata). Consequently, lichens do not reflect
(NH4)H2POy and NHs-oxalate extractable fractions were found the situation regarding the chemical forms present in the envi-
to be relevant for speciation analysis) of lichens and soil revealetbnment from where they were taken. It is not known how
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arsenic metabolism in lichens works, what roles are played bj4] H. Poliénik, F. Batg, C. Ribaré Lasnik, J. Atmos. Chem. 49 (2004)
the lichen-forming fungus and what by the algae. It might be = 223-230. .
possible that the Iichen-forming fungus acts similarly to the[15] I. Koch, J. Feldman, L. Wang, P. Andrewes, K.J. Reimer, W.R. Cullen,

hizal biont h . 271 t tect Sci. Total Environ. 236 (1999) 101-117.
mycorrhiza Sym iont#ymenoscyphus ericae | ]’_ 0 protec [16] I. Koch, L. Wang, K.J. Reimer, W.R. Cullen, Appl. Organomet. Chem.
photosynthesising algae from excess of arsenic. As some of * 14 (2000) 245-252.

the completely non-lichen-forming ascomycetous fungi such ag 7] D. Kuehnelt, J. Lintschinger, W. Goessler, Appl. Organomet. Chem. 14
Penicillium andAspergillus are supposed to derive from lichen- (2000) 411-420.
forming ancestor$39,40], and some of the representatives Of[18] M.M. Farinha, Z.Slejkovec, J.T. Van Elteren, H.Th. Wolterbeek, M.C.

the aeneraPenicilli andA 1l ere shown to produce Freitas, J. Atmos. Chem. 49 (2004) 343-353.
generdenicitlium spergilius Were sNOwn 10 Produce 1o\ pembitsky, T. Rezanka, Plant Sci. 165 (2003) 1177-1192.

arsines (e.g. reviewed by Bentley and Chas{éa), it would  [20] v.m. Dembitsky, D.O. Levitsky, Prog. Lipid Res. 43 (2004) 403
be of interest if such metabolic pathways also exist in lichens.  44s.
[21] R. J&imovit, B. Smods, T. BiEar, P. Stegnar, J. Radioanal. Nucl. Chem.
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