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Two lichens and 12 green plants growing at a
former arsenic roasting facility in Austria were
analyzed for total arsenic by ICP–MS, and for
12 arsenic compounds (arsenous acid, arsenic
acid, dimethylarsinic acid, methylarsonic acid,
arsenobetaine, arsenocholine, trimethylarsine
oxide, the tetramethylarsonium cation and
four arsenoriboses) by HPLC–ICP–MS. Total
arsenic concentrations were in the range
of 0.27 mg As (kg dry mass)ÿ1 (Vaccinium vitis
idaea) to 8.45 mg As (kg dry mass)ÿ1 (Equisetum
pratense). Arsenic compounds were extracted
with two different extractants [water or meth-
anol/water (9:1)]. Extraction yields achieved
with water [7% ( Alectoria ochroleuca) to 71%
(Equisetum pratense)] were higher than those
with methanol/water (9:1) [4% (Alectoria ochro-
leuca) to 22% (Deschampsia cespitosa)]. The
differences were caused mainly by better
extraction of inorganic arsenic (green plants)
and an arsenoribose (lichens) by water. In-
organic arsenic was detected in all extracts.
Dimethylarsinic acid was identified in nine green
plants. One of the lichens (Alectoria ochroleuca)
contained traces of methylarsonic acid, and this
compound was also detected in nine of the green
plants. Arsenobetaine was a major arsenic
compound in extracts of the lichens, but except
for traces in the grassDeschampsia cespitosa, it
was not detected in the green plants. In contrast
to arsenobetaine, trimethylarsine oxide was
found in all samples. The tetramethylarsonium
cation was identified in the lichen Alectoria
ochroleuca and in four green plants. With the
exception of the needles of the treeLarix decidua
the arsenoribose (2'R)-dimethyl[1-O-(2',3'-di-

hydroxypropyl)-5-deoxy-b-D-ribofuranos-5-yl]-
arsine oxide was identified at the lowmg kgÿ1

level or as a trace in all plants investigated. In
the lichens an unknown arsenic compound,
which did not match any of the standard
compounds available, was also detected. Arseno-
choline and three of the arsenoriboses were not
detected in the samples. Copyright# 2000 John
Wiley & Sons, Ltd.
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INTRODUCTION

During the past two decades a variety of arsenic
compounds have been identified in the marine
environment.1 The determination of arsenic com-
pounds offers the possibility of elucidating the
cycling and metabolic pathway of arsenic in the
environment. Additionally, it is indispensable for
assessing risks posed by arsenic-containing materi-
al, since the toxicities of the arsenic compounds
differ significantly. Although seawater contains
only about 2mg As dmÿ3, marine organisms are
known to be rich in arsenic. Arsenic concentrations
in the mg kgÿ1 range easily allow the identification
and quantification of arsenic compounds even when
the extraction step, which is necessary to make
these compounds available for analysis, is not
quantitative. Arsenobetaine was identified as the
major arsenic compound in marine animals such as
fish, crustaceans and molluscs. Marine algae were
found to contain arsenoriboses as the major arsenic
compounds.1 Since these arsenic compounds are
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lesstoxic thaninorganicarsenic,nohealthrisksare
posedby theconsumptionof seafood.

Arsenic concentrationsin terrestrial organisms
are generally much lower than in the marine
environment. Uncontaminated terrestrial plants
usually contain about 0.2 to 0.4mgAs kgÿ1.2

Exceptions are arsenic-accumulating plants, for
instancethe mushroomLaccaria amethystina,3 as
well asplantsgrownin arsenic-contaminatedareas.
Arsenic concentrationsin theseorganismscan be
similar to thosein marine organisms.For a long
time arseniccompoundsin terrestrial organisms
seemedto be restrictedto arsenousacid, arsenic
acid and the ‘simpler’ methylated compounds
methylarsonicacid, dimethylarsinicacid and tri-
methylarsineoxide.2 The determinationof arsenic
compoundsin theseorganismswasimpededby the
low arsenic concentrations,non-quantitativeex-
traction proceduresand the analytical instruments
available.

Although nowadays the separationpower of
HPLCin combinationwith thelow detectionlimits
achievableby ICP–MSallow theidentificationand
quantificationof arseniccompoundsin terrestrial
plants,only a few dataonarseniccompoundsin the
terrestrial environmentare available.Among the
non-aquatic terrestrial plants, mushroomswere
investigatedmostintensively.Dimethylarsinicacid
wasreportedto be the major arseniccompoundin
the arsenic-accumulatingmushroom Laccaria
amethystinacollectedin Slovenia.4 Methylarsonic
acid andarsenatewereminor arseniccompounds.
In 1995 arsenobetainewas detectedfor the first
time in the terrestrial environment.5 It was the
major arseniccompoundin thearsenic-accumulat-
ing mushroomsAgaricus haemorrhoidariusand
Agaricusplacomycesfrom SloveniaandSarcodon
imbricatumfrom Switzerland.Additionally Sarco-
donimbricatumcontainedthetetramethylarsonium
cation. The presenceof thesetwo arseniccom-
poundsin theterrestrialenvironmentindicatedthat
terrestrial organisms also contain the complex
arseniccompoundsformerly believedto existonly
in the marineecosystem.Two yearslater arseno-
choline was detected for the first time in the
terrestrialenvironment.6,7 Arsenocholinewasiden-
tified as a minor arseniccompoundin the mush-
room Amanita muscariacollected from a former
arsenic smelter site in Austria. Arsenobetaine,
inorganic arsenic,dimethylarsinicacid, the tetra-
methylarsoniumcationandat leastsevenunidenti-
fiedarseniccompounds,whichdid notcoelutewith
anyof thestandardcompoundsavailable,werealso
detectedin methanol/waterextractsof this mush-

room. The presenceof arsenobetaine,arsenocho-
line andthetetramethylarsoniumcationin avariety
of higherfungi wasconfirmedby Slejkovecet al.8

Larsenandco-workersreportedinorganicarsenic,
methylarsonic acid, dimethylarsinic acid, tri-
methylarsineoxide and tracesof arsenobetaineto
be presentin Laccaria amethystinacollectedfrom
contaminatedsoil in Denmark.9 Koch et al. inves-
tigated three mushroomspecies(Tarzetta cupu-
laris, Pluteuscervinus,Fomitopsispinicola) grow-
ing at a hot-springenvironmentin Canadashowing
naturally elevated arsenic concentrationsin the
water.10 Besidesinorganicarsenic,dimethylarsinic
acid was found in Tarzettacupularis and Pluteus
cervinus.Tarzettacupularisalsocontaineda trace
of (2'R)-dimethyl[1-O-(2',3'-dihydroxypropyl)-5-
deoxy-b-D-ribofuranos-5-yl]arsineoxide(glycerol-
ribose,Fig. 1).

In 1997anarsenoribosewasdetectedfor thefirst
time in an algal sampleof terrestrialorigin.11 Lai
andco-workersreportedthe glycerol-riboseasthe
major arsenic compound in a methanol/water
extract of the freshwater alga Nostoc sp. The
presenceof arsenoriboses(glycerol-ribose,phos-
phate-ribose)in freshwateralgaewasconfirmedby
Koch et al.10 Almost no data on the arsenic
compoundsin non-aquaticgreenplantsandlichens
areavailable.Tomatoleaveswereshownto contain
methylarsonic acid and dimethylarsinic acid.2

Carrots grown in four soil sampleswith total
arsenic concentrationsof 6.5, 30.0, 93.3 and
338mgAs (kg dry mass)ÿ1, respectively,contained
only inorganicarsenic.12 Recently,arsenobetaine,
trimethylarsineoxide andthe tetramethylarsonium
cation were reportedin the greenplantsDactylis
glomerata,Trifolium pratenseand Plantago lan-
ceolata from Gasen,Styria, Austria, a site with a
soil arsenicconcentrationof up to 4000mg As
kgÿ1. Additionally, a trace of arsenocholinewas
found in Plantago lanceolata.13 Koch et al.
investigatedmethanol/water(1:1) extracts of a
variety of terrestrial green plants and lichens
collectedfrom a hot springenvironmentin Canada
showingnaturally elevatedarsenicconcentrations
in thewater.10 Threedifferent lichens(Bryoria sp.,
Alectoria sp. and Cladonia sp.) were analyzed.
Besides inorganic arsenic, the phosphate-ribose
wasdetectedin two samplesof Alectoriasp.andin
onesampleof Bryoria sp. Cladoniasp. contained
inorganic arsenic,a trace of dimethylarsinicacid
anda traceof theglycerol-ribose.Inorganicarsenic
was also found in the green plants investigated
(Scirpussp.,Thujaplicata,Fumariahygrometrica,
Erigeron sp., Mimulus sp.). Additionally, one
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Figure 1 Arseniccompoundsinvestigatedin greenplantsandlichensfrom an old arsenicsmeltersite in Austria.
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sampleof Scirpussp.containedmethylarsonicacid
andanothercontaineddimethylarsinicacid. These
compoundswere also detectedin Thuja plicata.
Methylarsonicacidwasfoundin oneanddimethyl-
arsinic acid in two samplesof Fumaria hygro-
metrica. In contrastto the glycerol-ribose,which
was present in all samplesof Fumaria hygro-
metrica, thephosphate-ribosewasonly detectedin
onesampleof this plant.The only organicarsenic
compound in the extracts of Erigeron sp. was
dimethylarsinic acid. In Mimulus sp. the tetra-
methylarsoniumcation was found in addition to
inorganic arsenic.10 These results indicate that
organic arsenic compounds formerly attributed
only to marineorganismsandmushroomsarealso
presentin terrestrialgreenplantsandlichens.

In this work a variety of greenplantsand two
different kinds of lichens collected at a former
arsenicsmeltersite were analyzedfor their total
arsenic concentrationsby ICP–MS, and for 12
arseniccompounds[arsenousacid, arsenic acid,
dimethylarsinic acid (DMA), methylarsonicacid
(MA), arsenobetaine(AB), arsenocholine(AC),
trimethylarsineoxide (TMAO), the tetramethylar-
sonium cation (TETRA) and four arsenoriboses]
(Fig. 1) by cation- and anion-exchangeHPLC–
ICP–MS.

EXPERIMENTAL

Reagents, solutions and samples

All solutions were prepared with Milli-Q
(18.2M
 cm) water. Nitric acid (Merck, Darm-
stadt, Germany; p.a.) was further purified in a
quartzsub-boilingdistillation unit. Pyridine(p.a.),
30% hydrogen peroxide (suprapur), ammonium
dihydrogen phosphate(p.a) and 25% aqueous
ammonia(suprapur)were purchasedfrom Merck,
formic acid (puriss.p.a)andmethanol(puriss.p.a)
from Fluka (Buchs, Switzerland).The glycerol-
ribose was synthesizedby Dr Toshikazu Kaise
(Laboratoryof EnvironmentalChemistry,School
of Life Science,University of PharmacyandLife
Science, 1432-1 Horinouchi, Hachijoji, Tokyo
192-03, Japan). The phosphate-,the sulfonate-
and the sulfate-riboseswere isolatedfrom marine
algae by Dr Kevin A. Francesconi(Institute of
Biology, Odense University, DK-5230 Odense
M, Denmark).14,15 The lichens Alectoria ochro-
leuca and Usnea articulata, leavesof the green
plants Achillea millefolium, Alnus incana, Asple-

niumviride, Dryopterisdilata, Equisetumpratense,
Fragaria vesca,Rubusidaeus,Vacciniummyrtilis
and Vaccinium vitis idaea, needlesof the green
plantsPiceaabiesandLarix decidua, andthegrass
Deschampsiacespitosawere collectedin the area
of a former roasting facility for arsenopyritein
Poellatal, Carinthia, Austria.7 The sampleswere
cleansedof soil, rinsed with tapwater,frozen at
ÿ20°C,andfreeze-driedfor 24h atÿ10°C andfor
24h at 10°C at 0.1mbar.

Instrumentation

The freeze-driedsampleswere pulverized in a
RetschZM 1000 mill (Retsch,Haan, Germany)
equippedwith a titanium rotor and a 0.25-mm
sieve.For determinationof total arsenicconcentra-
tionsthesamplesweredigestedwith anMLS-1200
Mega microwave system(MLS, Leutkirch, Ger-
many). Total arsenic was determined with an
HP4500 ICP–MS (Hewlett Packard,Waldbronn,
Germany)inductively coupledargon-plasmamass
spectrometer(ICP–MS) equippedwith a Babing-
ton-typenebulizer.

Thechromatographicanalysisof sampleextracts
for arsenic compoundswas performed with an
Hewlett Packard 1100 chromatographicsystem
including solvent delivery unit, autosamplerand
column heater. The arsenic compounds were
separatedon a Hamilton (Reno,USA) PRP-X100
anion-exchangecolumn(25cm� 4.1mm i.d.; 10-
mm styrene–divinylbenzeneparticleswith trimethyl-
ammoniumexchangesites)anda Zorbax300-SCX
cation-exchangecolumn (15cm� 4.6mm i.d.;
poroussilica microsphereswith chemicallybonded
aromaticsulfonic acid exchangesites).The outlet
from theHPLC columnwasconnectedvia 100cm
of 1/16-inch (0.16-cm) PEEK (polyether-ether-
ketone) capillary tubing (0.25mm i.d.) to the
Babington-typenebulizerof the HP4500ICP–MS.
The ion intensityat m/z75 (75As) wasmonitored.
Additionally, m/z 77 (40Ar37Cl, 77Se) was mon-
itored to detectpossible40Ar35Cl interferenceson
m/z75. Instrumentalsettingsaregiven in Table1.
The chromatogramswere smoothed with the
Hewlett PackardICP–MS ChromatographicSoft-
wareG1824C,versionC.01.00,andthepeakareas
weredeterminedusingsoftwarewritten in-house.16

The arsenic compounds were quantified with
external calibration curves establishedwith ar-
senousacid, arsenicacid, methylarsonicacid and
dimethylarsinicacid on the Hamilton PRP-X100
column, and with arsenobetaine,arsenocholine,
trimethylarsineoxide andthe tetramethylarsonium
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cation on the Zorbax 300-SCX column. The
glycerol-ribosewasquantifiedwith the calibration
curvefor arsenobetaineconsideringthatall arsenic
compoundshave the same responsefor arsenic
whenICP–MSis usedfor detection.

Total arsenic concentrations in
green plants and lichens

Aliquots of the freeze-driedmaterial (ca 0.2g)
were weighed to 0.1mg into Teflon digestion
vessels.Concentratednitric acid (5.00cm3) and
30% hydrogenperoxide(1.00cm3) wereaddedto
eachvessel.Thevesselswereclosed,securedin the
rotor and placed in the microwave oven. The
samplesweredigestedwith the following program
(W/min): 250/2, 0/0.5, 300/5, 0/0.5, 450/5, 0/0.5,
600/5,500/7,0/2 (ventilation). The digestsof the
leavesof Alnus incana and Vacciniumvitis idaea
were transferredquantitatively to 10-cm3 volu-
metric flasks;the digestsof the other plantswere
transferredto 50-cm3 volumetricflasks.The flasks
werefilled to themark.Totalarsenicconcentrations

were determinedin these solutions by ICP–MS
with an externalcalibrationcurveestablishedwith
aqueoussolutionsof arsenicacid containing1.00,
5.00,or 10.0mg As dmÿ3.

Arsenic compounds in green plants
and lichens

The freeze-driedandpulverizedsamples(0.5g of
Alectoria ochroleuca,Achillea millefolium, Asple-
nium viride, Deschampsiacespitosa,Dryopteris
dilata, Equisetumpratense,Fragaria vesca,Larix
decidua or Rubus idaeus, 0.8g of Vaccinium
myrtilis, or 1 g of Alnusincana,Piceaabies,Usnea
articulata or Vacciniumvitis idaea) wereweighed
to 0.1mg into screw-capped50-cm3 polyethylene
vials. Water (10cm3) or methanol/water(9:1)
(10cm3) was addedto each vial. Arsenic com-
poundswereextractedon a cross-shapedrotor by
turning the vials at 45rpm for 14h at 25°C. The
water extracts were centrifuged and the super-
natantswerefiltered throughcelluloseesterfilters
(Millipore, Bedford, MA, USA). The methanol/

Table 1 Operatingconditionsfor theHP4500ICP-MS

Instrumentalsettings
RF powerforward 1350W
RF powerreflected < 1 W
Plasmagas 14.6dmÿ3 minÿ1

Auxiliary gas 0.95dmÿ3 minÿ1

Nebulizergas 1.15dmÿ3 minÿ1

Nebulizer Babingtontype
Spraychamber Peltiercooled,2 °C
Samplingcone Nickel, 1.0-mmorifice
Skimmercone Nickel, 0.4-mmorifice
Samplingdepth 5.8mm

Aquisitionparameters
Determinationof total concentrations

Detectormode Auto
Monitoredmasses 75As, 77Seor 40Ar37Cl
Integrationtime/point 3 s
Repetitions 5
Rinsetime 60s at 2 cm3 minÿ1

Stabilization 60s at 0.4cm3 minÿ1

Sampleconsumptionduringmeasurement 0.4cm3 minÿ1

HPLC
Detectormode Pulse
Monitoredmasses 75As, 77Seor 40Ar37Cl
Points/mass 1
Integrationtime/mass 0.300s
Total analysistime 360s (Zorbax300-SCX)

1200s (PRP-X100)
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waterextractswerecentrifuged.Aliquots (2.0cm3)
were evaporatedto drynessin a Maxi Dry Lyo
(Heto-Holten, Allerod, Denmark) at 50mbar at
room temperature,then the residueswere redis-
solvedin 2.00cm3 or 1.00cm3 water,respectively,
andfiltered throughcelluloseesterfilters.

Theundilutedextractswereanalyzedfor arseno-
betaine,arsenocholine,trimethylarsineoxide, the
tetramethylarsoniumcationandtheglycerol-ribose
by cation-exchangechromatographyon theZorbax
300-SCX column with an aqueoussolution of
20mM pyridine at pH 2.6 (adjustedwith formic
acid) as mobile phase, and for arsenousacid,
arsenicacid, dimethylarsinicacid, methylarsonic
acid and the phosphate-,sulfate- and sulfonate-
ribosesby anion-exchangechromatographyon the
Hamilton PRP-X100 column with an aqueous
solutionof 20mM NH4H2PO4 at pH 5.6 [adjusted
with aqueousammonia(25%)] asmobile phase.

RESULTS AND DISCUSSION

Total arsenic concentrations in
green plants and lichens

The greenplants and lichens were collectedat a
formerarsenicsmeltersite,whichceasedoperation
morethan100yearsago.7 All samplesinvestigated
grewonsoil with anelevatedarsenicconcentration
(730mgAs kgÿ1)7. Total arsenic concentrations
determinedin greenplants and lichens from the
smelter site are summarized in Table 2. No
correlationsbetweenthe total arsenicconcentra-
tions in relatedplantswere observed.The leaves
of the fern Aspleniumviride contained7 mgAs
(kg dry mass)ÿ1, which is about 3.5 times more
than the leaves of the fern Dryopteris dilata
[2 mgAs (kg dry mass)ÿ1]. The total arseniccon-
centration in the leaves of Vaccinium myrtilis
[1.4mgAs (kg dry mass)ÿ1] is almost five times
higher than in the leavesof Vacciniumvitis idaea
[0.3mgAs (kg dry mass)ÿ1].

Most of the plants accumulatedarsenic. The
highest arsenic concentration was detected in
the leaves of Equisetum pratense [8 mg As
(kg dry mass)ÿ1]. This concentrationis still not
highcomparedwith reportedarsenicconcentrations
in other terrestrialplants grown on contaminated
soil. For example,the foliage of Agrostis tenuis
grown on mine wastewas found to containup to
3170mgAs (kg dry mass)ÿ1.2 The leavesof Vac-
cinium vitis idaea [0.3mgAs (kg dry mass)ÿ1] as

well as the leaves of Alnus incana [0.4mgAs
(kg dry mass)ÿ1] containedarsenic at concentra-
tions commonly reported for uncontaminated
terrestrialplants.2 Total arsenicconcentrationsin
all samplesweresufficiently high for the determi-
nationof arseniccompounds.

Arsenic compounds in green plants
and lichens

Arsenic compoundswere extractedwith water or
methanol/water(9:1) from the green plants and
lichens.Theextractsof thegreenplantsandlichens
were subjectedto anion- as well as to cation-
exchangeHPLC–ICP–MS.Standardsolutions of
12 arsenic compounds(Fig. 1) were chromato-
graphedto identify and quantify the arseniccom-
poundsin the extracts.Arsenousacid, dimethyl-
arsinic acid, methylarsonicacid, the phosphate-
ribose, arsenicacid, the sulfonate-riboseand the
sulfate-ribosecanbeseparatedwithin 20min onthe
PRP-X100 anion-exchangecolumn with 20mM
aqueousNH4H2PO4 at pH 5.6 as mobile phase.17

Under these conditions arsenocholine,the tetra-
methylarsoniumcation,arsenobetaine,trimethylar-
sine oxide and the glycerol-riboseco-elute with
arsenousacid at the solventfront. The determina-
tion of low concentrationsof dimethylarsinicacid
in the extractsis hamperedwhenhigh amountsof
arsenousacid, arsenocholine,the tetramethylarso-
nium cation, arsenobetaine,trimethylarsineoxide
and/or the glycerol-riboseare present.The high
signals from these compoundscan completely
overlap the signal of dimethylarsinicacid, or the
signalof dimethylarsinicacidappearsasashoulder
on the broad tailing signal of thesecompounds.
Arsenobetaine,the glycerol-ribose,trimethylarsine
oxide, arsenocholineand the tetramethylarsonium
cationcanbeidentifiedandquantifiedwithin 6 min
on the Zorbax 300-SCX column with 20mM
aqueouspyridineat pH 2.6asmobilephase.These
five arseniccompoundsare well separatedfrom
arsenousacid, arsenic acid, methylarsonicacid,
dimethylarsinicacid and the phosphate-,sulfate-
andsulfonate-riboses,which elutewith or closeto
thesolventfront on this column.Thereforearsenic
acid, methylarsonic acid, dimethylarsinic acid,
arsenobetaine, arsenocholine, trimethylarsine
oxide,the tetramethylarsoniumcationandthe four
arsenoribosescanbedetermineddirectlywith these
two chromatographicseparations.Arsenousacid
has to be calculatedby subtractionof the sum
of arsenobetaine,arsenocholine,trimethylarsine
oxide, the tetramethylarsoniumcation and the
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Table 2 Total arsenic concentrationsandconcentrationsof arseniccompounds[extractedwith methanol/water(9:1)or water]of greenplantsandlichens
(meanof two determinations)

Concentration[mg As (kg dry mass)ÿ1]

Sample
Arsenous

acid
Arsenic

acid DMA MA AB TMAO TETRA Glycerol-ribose Unknown
Sumof
species

Total
arsenicd

Percentage
of total

Usneaarticulata Ma 0.028 <0.005 <0.005 <0.005 0.046 0.096 <0.001 0.024 0.006 0.20 1.17,1.07 18
Wb <0.005 0.014 <0.005 <0.005 0.065 0.12 <0.001 0.077 0.006 0.28 25

Alectoria ochroleuca M 0.025 <0.010 <0.010 Trace 0.10 0.015 0.007 0.012 0.012 0.17 4.30,4.28 4
W <0.010 0.085 <0.010 Trace 0.12 0.022 0.006 0.031 0.013 0.28 7

Aspleniumviride (leaves) M 0.18 0.13 0.052 0.049 <0.002 0.032 0.009 0.004 <0.002 0.46 6.92,7.21 7
W 3.00 1.00 <0.010 0.065 <0.002 0.028 0.008 0.009 <0.002 4.11 58

Dryopterisdilata (leaves) M 0.022 0.10 <0.010 <0.010 <0.002 0.014 0.006 0.005 <0.002 0.15 2.22,1.83 7
W 0.43 0.39 Trace <0.010 <0.002 0.014 0.005 0.004 <0.002 0.84 41

Deschampsiacespitosa M 0.039 0.33 0.017 0.021 Trace 0.011 <0.002 0.008 <0.002 0.43 2.05,1.87 22
W 0.19 0.71 0.024 0.027 Trace 0.012 <0.002 0.005 <0.002 0.97 49

Piceaabies(needles) M 0.032 0.10 0.009 <0.005 <0.001 0.015 <0.001 0.005 <0.001 0.16 0.90,0.92 18
W 0.25c 0.11 Trace Trace <0.001 0.015 <0.001 Trace <0.001 0.38 42

Larix decidua(needles) M 0.32 0.30 <0.010 <0.010 <0.002 0.11 <0.002 <0.002 <0.002 0.73 3.81,3.61 20
W 0.99 0.15 <0.010 <0.010 <0.002 0.093 <0.002 <0.002 <0.002 1.23 33

Alnusincana(leaves) M <0.005 0.011 Trace 0.012 <0.001 0.043 <0.001 Trace <0.001 0.07 0.37,0.46 17
W 0.049c 0.025 Trace 0.018 <0.001 0.042 <0.001 <0.001 <0.001 0.13 31

Fragaria vesca(leaves) M <0.010 0.091 0.022 0.016 <0.002 0.046 0.010 0.009 <0.002 0.19 3.60,3.90 5
W 1.01c 0.40 Trace 0.037 <0.002 0.043 0.013 0.008 <0.002 1.51 40

Vacciniummyrtilis (leaves) M 0.12c 0.026 Trace 0.008 <0.001 0.013 <0.001 Trace <0.001 0.17 1.36,1.38 12
W 0.49 0.13 <0.006 Trace <0.001 0.014 <0.001 <0.001 <0.001 0.63 46

Vacciniumvitis idaea(leaves) M <0.005 0.011 <0.005 0.019 <0.001 0.004 0.003 Trace <0.001 0.04 0.27,0.30 14
W 0.078 0.018 <0.005 0.020 <0.001 0.004 0.004 <0.001 <0.001 0.12 42

Rubusidaeus(leaves) M 0.030c 0.10 Trace <0.010 <0.002 0.048 <0.002 Trace <0.002 0.18 2.40,2.81 7
W 0.96 0.30 <0.010 <0.010 <0.002 0.044 <0.002 <0.002 <0.002 1.30 50

Achillea millefolium (leaves) M 0.086 0.081 0.069 0.040 <0.002 0.005 <0.002 0.011 <0.002 0.29 2.06,2.04 14
W 0.31 0.29 0.065 0.062 <0.002 0.008 <0.002 <0.002 <0.002 0.74 36

Equisetumpratense(leaves) M 0.47 0.44 <0.010 0.037 <0.002 0.16 <0.002 Trace <0.002 1.11 8.09,8.45 13
W 3.10 2.50 <0.010 0.080 <0.002 0.16 <0.002 Trace <0.002 5.84 71

a M, methanol/water(9:1) extract.
b W, waterextract.
c Sumof arsenousacid andDMA
d Two individual determinations.
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glycerol-ribosefrom the front peak in the anion-
exchangechromatogram.

Arsenic compoundswere extracted with two
differentextractants,wateror methanol/water(9:1),
from the greenplantsandlichens.Methanol/water
(9:1) extracted4% (Alectoria ochroleuca) to 22%
(Deschampsiacespitosa) of the total arsenicfrom
theplants(Table2).Extractionyieldsobtainedwith
water[7% (Alectoriaochroleuca) to 71%(leavesof
Equisetumpratense)] were generallyhigher than
those achievedwith methanol/water(9:1). Com-
paredwith methanol/water(9:1),waterextractedat
least twice as much of the total arsenicfrom the
greenplants(exception:needlesof Larix decidua),
and almost ten times as much from the leavesof
Aspleniumviride. Extractionyields obtainedwith
water were low for the lichens [7% (Alectoria
ochroleuca), 25% (Usnea articulata)]. For the
greenplantsthe higher extractionyields achieved
with water comparedto methanol/water(9:1) can
be explainedby better extractability of inorganic
arsenic.5 The glycerol-ribose contained in the
lichens is also better removedby water than by
methanol/water(9:1).

Besides inorganic arsenic, various organic
arseniccompoundswere detectedin the extracts
of thegreenplantsandlichens(Table2). Sincethe
existenceof dimethylarsinicacid and methylarso-
nic acid in the terrestrial environment is well
established,2 the presenceof thesearseniccom-

pounds in the extracts of the green plants and
lichensis not discussedin detail in this work. The
organic arsenic compounds in extracts of the
lichensAlectoria ochroleucaandUsneaarticulata
weresimilar.A chromatogramof awaterextractof
Usneaarticulata is presentedin Fig.2.Theextracts
of Alectoria ochroleuca and Usnea articulata
contained arsenobetaine,trimethylarsine oxide,
the glycerol-riboseand an unknownarseniccom-
pound,which did not co-eluteon the Zorbax300-
SCX column with any of the standardarsenic
compoundsavailable.In the extractsof Alectoria
ochroleucaa small amountof the tetramethylarso-
nium cationwasdetected.This compoundwasnot
detected in the extracts of Usnea articulata.
Arsenobetaine,oneof themajorarseniccompounds
in the extractsof Usneaarticulata and the major
arsenic compound in the extracts of Alectoria
ochroleuca, hasbeenidentifiedin severalterrestrial
mushrooms,5–9 someof which contain it as their
major arseniccompound.The glycerol-riboseis a
major constituentin the extractsof Usneaarticu-
lata and a minor constituent in the extracts of
Alectoria ochroleuca. Arsenoribosesarethe major
arseniccompoundsin marinealgae,1 andhavebeen
previouslydetectedin theterrestrialenvironmentin
freshwater algae,10,11 earthworms,18 microbial
mats, lichens and green plants.10 A trace of the
glycerol-ribose was reported in the mushroom
Tarzetta cupularis.10 In contrast to our results,
Koch et al. found the phosphate-ribosein some
samplesof Alectoria sp., whereasthe glycerol-
ribose was not detected.10 The glycerol-ribose,
which we found in the extractsof the lichens,was
identified as the major arseniccompoundin an
extractof the freshwateralga Nostocsp.11 It was
also detectedin extracts of green algae, which
additionallycontainedthephosphate-ribose,from a
hot springenvironmentin Canada.10 An extractof
the lichen Cladonia sp. from the sameareawas
reportedto contain tracesof this arseno-ribose.10

Lichens are symbiotic organismsof fungi, algae
and/orcyanobacteria.19 The presenceof arsenobe-
tainecanbeattributedto thefungalcomponent,and
the glycerol-riboseto the algal component,of the
organism.

All extracts of the green plants contained
inorganicarsenic.Inorganicarsenicwasdominant
in all water extracts.Trimethylarsineoxide was
alsodetectedin all extractsin aconcentrationrange
of 4mg As (kg dry mass)ÿ1 (leavesof Vaccinium
vitis idaea) to 160mg As (kg dry mass)ÿ1 (leavesof
Equisetum pratense). The tetramethylarsonium
cation was only identified in the extractsof the

Figure 2 Chromatogram of a water extract of Usnea
articulata on the Zorbax 300-SCX column (mobile phase,
20mM pyridine pH 2.6; flow, 1.5cm3 minÿ1; temperature,
30°C; injection volume, 50mm3). Broken line: 45mm3 of
extract spiked with 5 mm3 of a standardsolution containing
arsenobetaine,trimethylarsineoxide, arsenocholine,the tetra-
methylarsoniumcationandtheglycerol-ribose(50ngAs cmÿ3

each).
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leavesof the ferns (Dryopteris dilata, Asplenium
viride) andin theextractsof theleavesof Fragaria
vescaandVacciniumvitis idaeaat low concentra-
tions [3 mg As kgÿ1 (Vaccinium vitis idaea) to
13mg As (kg dry mass)ÿ1 (Fragaria vesca)]. All
greenplantswith the exceptionof Larix decidua
containedthe glycerol-ribosein at least one of
the two different extracts.The concentrationof
this arseniccompoundnever exceeded11mg As
(kg dry mass)ÿ1 (methanol/waterextract of the
leaves of Achillea millefolium). In most of the
extractsonly tracesweredetected.Thefact thatthe
glycerol-riboseis presentat very low concentra-
tions in the greenplantscould havehamperedits
detectionin manysamplesof terrestrialorigin until
now becauseof the lack of methodswith suffi-
ciently low detectionlimits. The chromatographic
separation on the Zorbax 300-SCX cation-ex-
changecolumn with 20mM pyridine at pH 2.6 as
mobile phaseallows the quantificationof arsenic
compoundsat a concentrationof 0.2ngAs cmÿ3

extract. Assuming that the concentrationof the
arseniccompoundsin theextractis tentimeslower
than the concentrationin the biological material
(1 g extractedwith 10cm3 of extractant),arsenic
compoundspresentat the low mg kgÿ1 level in the
material can be quantified, provided that the
extractionprocedureis closeto quantitative.Koch
et al. reported extracts of three samplesof the

moss Fumaria hygrometrica to contain the gly-
cerol-riboseat a concentrationof 0.18–0.31mgAs
(kg dry mass)ÿ1,10 which is more than ten times
higher than the concentrationsof the glycerol-
ribose found in our greenplant samples,but the
authorscould not excludethe possibility that this
high amount of arsenoriboses derived
from microbial mats observedin and aroundthe
moss samples.The phosphate-ribose,which was
detectedin one sampleof Fumaria hygrometrica
[0.03mgAs (kg dry mass)ÿ1],10 was not detected
in any of our samples.Traces of arsenobetaine
were only detected in the extracts of Des-
champsiacespitosa(Fig. 3). Geiszinger13 reported
small amountsof arsenobetaine[0.5–3.5�g As
(kg dry mass)ÿ1] in the terrestrial green plants
Dactylis glomerata,Trifolium pratenseand Plan-
tagolanceolatagrownonsoil with elevatedarsenic
concentrations.Theseresultsindicatethat arseno-
betaine,thought to be presentmainly in marine
animalsand terrestrialmushrooms,is more wide-
spreadthanexpected.However,whetherarsenobe-
taine and the glycerol-riboseare formed by the
greenplantsthemselves,or by microorganismson
the plant or in the soil and then takenup by the
plant, is not certain yet. Arsenocholineand the
phosphate-,the sulfate- and the sulfonate-riboses
werenot detectedin anyof thesamples.

Parallelsbetweenrelatedplantsexist for thetwo
fern samples.Extractsof the leavesof Asplenium
viride and Dryopteris dilata containedalmost the
same arsenic compounds.Besides inorganic ar-
senic,which wasdominantin thewaterextractsof
both plants,dimethylarsinicacid [methanol/water
(9:1) extract of the leaves of Aspleniumviride,
water extract of the leavesof Dryopteris dilata],
andmethylarsonicacid(all extractsof theleavesof
Aspleniumviride), trimethylarsineoxideandsmall
amounts of the tetramethylarsoniumcation [5–
9mg As (kg dry mass)ÿ1] and the glycerol-ribose
[4–9mg As (kg dry mass)ÿ1] were detected.The
leaves of the related green plants Vaccinium
myrtilis and Vacciniumvitis idaea containedthe
samearseniccompounds(inorganicarsenic,methy-
larsonic acid, trimethylarsineoxide; tracesof the
glycerol-ribose in the methanol/waterextracts),
with the exceptionof a trace of dimethylarsinic
acid, which wasonly found in the methanol/water
extractof theleavesof Vacciniummyrtilis, andthe
tetramethylarsoniumcation, which was only de-
tectedat thelow mg kgÿ1 level in all extractsof the
leavesof Vacciniumvitis idaea.

The detectionof the glycerol-ribosein a variety
of green plants and two lichen speciesand the

Figure 3 Chromatogramof a water extractof Deschampsia
cespitosaon the Zorbax 300-SCX column (mobile phase,
20mM pyridine pH 2.6; flow, 1.5cm3 minÿ1; temperature,
30°C; injection volume, 50mm3). Broken line: 45mm3 of
extract spiked with 5 mm3 of a standardsolution containing
arsenobetaine,trimethylarsineoxide, arsenocholine,the tetra-
methylarsoniumcation and the glycerol-ribose(5 ngAs cmÿ3

each).
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presenceof tracesof arsenobetainein the grass
Deschampsiacespitosasupporttheassumptionthat
most of the arsenic compoundsdetectedin the
marine environment are also present in the
terrestrial environment.The much lower arsenic
concentrationsin the terrestrial environmentre-
quireanalyticalmethodswith detectionlimits at the
sub-ngcmÿ3 level to identify minor arseniccom-
pounds and to complete the knowledge about
arseniccompoundsin the terrestrialecosystem.
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