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Samples of the edible mushroom Laccaria
amethystina, which is known to accumulate
arsenic, were collected from two uncontami-
nated beech forests and an arsenic-contaminated
one in Denmark. The total arsenic concentration
was 23 and 77mg As gÿ1 (dry weight) in the two
uncontaminated samples and 1420mg As gÿ1 in
the contaminated sample. The arsenic species
were liberated from the samples using focused
microwave-assisted extraction, and were
separated and detected by anion- and cation-
exchange high-performance liquid chroma-
tography with an inductively coupled plasma
mass spectrometer as arsenic-selective detector.
Dimethylarsinic acid accounted for 68–74%,
methylarsonic acid for 0.3–2.9%, trimethyl-
arsine oxide for 0.6–2.0% and arsenic acid for
0.1–6.1% of the total arsenic. The unextractable
fraction of arsenic ranged between 15 and 32%.
The results also showed that when growing in the
highly arsenate-contaminated soil (500–800mg
As gÿ1) the mushrooms or their associated
bacteria were able to biosynthesize dimethylar-
sinic acid from arsinic acid in the soil. Further-
more, arsenobetaine and trimethylarsine oxide
were detected for the first time in Laccaria
amethystina.Additionally, unidentified arsenic
species were detected in the mushroom. The
finding of arsenobetaine and trimethylarsine
oxide in low amounts in the mushrooms showed
that synthesis of this arsenical in nature is not
restricted to marine biota. In order to minimize
the toxicological risk of arsenic to humans it is

recommended not to consumeLaccaria amethys-
tina mushrooms collected from the highly
contaminated soil, because of a genotoxic effect
of dimethylarsinic acid observed at high doses in
animal experiments.# 1998 John Wiley & Sons,
Ltd.
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1 INTRODUCTION

Arsenic in the chemical forms (species) of arsenous
acid [As(III)] and arsenic acid [As(V)] is well
known for its toxic properties to humans. Most of
the relatively high concentrations of arsenic in
seafood are present, however, as organoarsenic
compounds of low toxicity, and the inorganic forms
usually constitute only a few per cent of the total.1

The organoarsenic compounds present include
dimethylarsinylriboside derivatives (‘AsSugars’)
which are the predominant form of arsenic in
shellfish,2,3 and arsenobetaine (AsB), which is the
dominating chemical form in fish and crusta-
ceans.4–6

Arsenic is generally present at much lower
concentrations in foods of terrestrial origin than in
seafood. A calculation of the total intake of arsenic
via food in Denmark7 showed that in spite of a low
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consumptionrate,seafoodcontributed72% of the
total arsenicintakeat 118mg dayÿ1, whereas12%
of the total arsenicwas ingestedvia plant-based
foods. In certain industrialized areas, however,
atmospheric deposition of arsenic has caused
contaminationof locally grown leafy vegetables.
This led to an increasein the arsenicintake by a
factor of 3–5 from this categoryof foods,but the
estimatedtotal intakeof arsenicfrom the diet was
still belowtheprovisionaltolerabledaily intakefor
inorganic arsenic.8 Certain mushroom species,
includingtheedibleLaccariaamethystina,areable
to accumulatearsenic.Samplesof this mushroom
from uncontaminated locations in Denmark9

showedarsenicconcentrationsat58–320mg As gÿ1

dry weight, and in similar samplesfrom Central
Europe10 the arsenic concentrations were 6–
250mg As gÿ1. The question arises whether this
mushroomis ableto bioaccumulatearsenicat even
higher concentrationsfrom a contaminatedsoil
environment, and if so what the toxicological
implication may be to personswho consumethese
mushrooms.

Terrestrialfungi (moulds)areableto biosynthe-
size monomethylarsonicacid (MMA), dimethyl-
arsinic acid (DMA) and trimethylarsine oxide
(TMAO) in addition to the gaseousarsinesfrom
inorganic arsenic.5 Recently it was shown that
DMA was the dominating arsenic species at
35mg As gÿ1 (dry weight) in samplesof Laccaria
amethystina.11 UnexpectedlyAsB,which is usually
found in marine samples,was detectedin other
speciesof arsenic-accumulatingmushrooms12 at
0.25mg As gÿ1.

The aim of this paper was to investigatethe
concentrationsand chemical forms of arsenic
present in Laccaria amethystina collected in
uncontaminatedbeech forest locations, in com-
parison with samplescollected in a similar, but
arsenic-contaminated,location. Furthermore,the
toxicological implications for humansconsuming
themushroomswereevaluated.

2 EXPERIMENTAL

2.1 Samples and sampling

Laccaria amethystinaCooke is a bright greyish-
purplemushroomwhenfresh,with acap10–52mm
in diameter.Its distributionis solitary to scattered;
it is occasionallygregarious,primarily living under

oak or beechor in forestsof thesetreesand of
pines.13

Pooledsamplesof themushroom(capandstem)
comprising10–100specimenseachwerecollected
in two beechforests15 and 35km, respectively,
north of Copenhagen.The arseniccontent in the
uncontaminatedforest soils was 2–4mg As gÿ1,
which is consistentwith the Danish background
concentration.8 A similar pooledsamplewastaken
at a contaminatedlocationin a forestnearthetown
of Hillerød, Denmark.Theareawasformerly used
for wood impregnationusinga mixture of arsenic
pentoxide,cupricoxideandchromiumtrioxide,and
spills from this processcausedan intensecontam-
ination of the soil. The mushroomswerecollected
at ‘hot-spots’wherethearsenicconcentrationin the
soil reached500–800mg As gÿ1 in order to illus-
tratethepotentialarsenicexposureof humansupon
consumptionof thesemushrooms.Duringsampling
of the mushroomscarewas takennot to contami-
natethebiological materialby soil particles.Upon
return to the laboratorythe sampleswere freeze-
driedandgroundin amortar,thensievedthrougha
0.5-mmmeshplasticsieve.Thepowderedsamples
were storeddry in the dark at room temperature.
The water-extractable (bioavailable)arsenicin the
contaminatedtopsoilwaspresentasarsenate.14

2.2 Total arsenic determinations

The dry sample(0.1g) was digestedusing nitric
acidin ahigh-pressureTeflon-linedsteelbombtype
DAE II (Berghof GmbH, Tübingen, Germany)
which washeatedat 160°C for 4 h. After cooling,
the wet-ashedacidic residuewasdiluted by water;
total arsenic was then determinedby Zeeman-
correctedgraphitefurnaceatomicabsorptionspec-
trometry, using platform atomizationin pyrolytic
graphitetubes.Palladium–magnesiumnitrate was
used as a chemical modifier to prevent loss by
volatilization of arsenicduring the furnace tem-
peratureprogramme,andquantificationwasbased
on peakareaabsorbancemeasurementsusing the
methodof standardadditions.6,15

2.3 Extraction of arsenic species

Thedriedmushroomsample(0.1mg)wasplacedin
a10-mlcentrifugetubeand5.00ml of a mixtureof
methanoland water 1� 9 (v/v) was added.The
cappedcentrifugetubewasinsertedinto thesample
cylinderandpositionedin themicrowaveapparatus
(Maxidigest MX 350, Prolabo, Paris, France).
Before the continuousfocusedmicrowaveenergy
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was applied,100ml of cold water (called ballast
water) was added to the sample cylinder and
surroundedthecappedcentrifugetube.Thepurpose
of using ballast water was to absorbpart of the
microwave energy and thereby to protect the
samplefrom overheating.The microwaveappara-
tus was operatedat a range of power and time
combinations,and the optimum extraction effi-
ciency was achievedby using four treatmentsat
75W power (25% of total power) for 8 minutes
each.After eachtreatmentthe cappedtube,which
hadreacheda maximumtemperatureof 70°C, was
cooled under running tap-water and the ballast
water was renewed.After the fourth and final
microwavetreatmentthesample/extractant mixture
was centrifuged and the clear supernatantwas
injected into the HPLC–ICP–MSsystemwithout
any furthersamplepretreatment.

2.4 Arsenic speciation using
HPLC±ICP±MS

Aliquots of the sampleextractswere diluted with
waterbeforethe quantitativeanalysisusinganion-
andcation-exchangehigh-performanceliquid chro-
matography(HPLC) systemsfor the separationof
the arsenicspecies.6 Arsenicwasdetectedon-line
by inductively coupledplasmamassspectrometry
(ICP–MS) as describedin detail elsewhere.14 For
the organic polymeric strong anion-exchange
HPLC column used(ION-120, Interaction Chro-
matography, CA, USA), a 45mM ammonium
carbonatesolution in 97� 3 (v/v) water-methanol
atpH 10.3ataflow rateof 1 ml minÿ1 servedasthe
mobile phase.For the Ionosphere-Csilica-based
strongcation-exchangeHPLCcolumn(Chrompack
International, Middelburg, The Netherlands),a
5 mM pyridinium formate solution in the same
solvent mixture at pH 2.7 servedas the mobile
phase.The ICP–MSinstrument(Elan 5000,Sciex
Perkin-Elmer, Ont., Canada) was operated at
1300W radio-frequencypower for optimum ar-
senicsignalintensity,17 which wasrecordedversus
time usingtheGraphicssoftwarefacility.

Aqueous solutions of standardsubstancesof
As(III), As(V), MMA, DMA and TMAO were
chromatographedon the HPLC–ICP–MSsystems
individually or asmixturesandtheir retentiontimes
(TR) were recorded.In this way the chromato-
graphicpeaksemergingafter injection of samples
were identified by their retention time values.
Basedontherecordedsignalpeakheightintensities
of injected standards,calibration curves were
constructed.6

3 RESULTS AND DISCUSSION

3.1 Methylated and inorganic
arsenicals

The use of separateanion- and cation-exchange
HPLC systemshasproveduseful and flexible for
the separationof 11 anionic or cationic arsenic
speciesoccurringin marinebiological samples.In
the anion-exchangeHPLC system, the cationic
arsenic species elute unretained with the void
volume followed by DMA, As(III), MMA and
As(V). In the cation-exchangeHPLC system
As(III), MMA and As(V) elute, unretainedwith
thevoid volume,followedby AsSugar13,DMA, 2-
dimethylarsinylacetic acid, AsB, AsSugar 11,
TMAO, arsenocholine(AsC) andtetramethylarso-
nium-ion(TMAs) asdiscussedin detailby Larsen2.
Typical chromatogramsobtainedusing thesetwo
separationtechniqueswith mushroomextractsas
samplesaregiven in Figs1 and2.

The anion-exchangechromatogram(Fig 1a)
showedalargepeakatTR 130–200scorresponding
to DMA, followed by two small peaks which
correspondedto MMA andAs(V). Thepeakwhich
elutedunretainedwith thevoid volumeat TR 100s
in thesamechromatogramindicatedthatadditional
neutralor cationicarsenicspecieswerepresentin
thesampleextract.

The cation-exchangechromatogram(Fig. 1b)
showeda peakat TR 480s which correspondedto
theprotonatedTMAO,17 anda peakcorresponding
to the protonatedform of DMA14 which elutedat
TR 60–200s. Furthermore,the identity of a minor
peakwhich elutedat TR 300s remainsunknown.

3.2 Arsenobetaine in Laccaria
amethystina

In thecation-exchangechromatogramof sampleC
from the highly contaminatedsoil (Fig. 1b), two
peaksadditionally appearedat TR 50s and at TR
210s. In order to improve the chromatographic
selectivity of thesepeaks,the mobile phasewas
diluted 1� 9 (v/v) with 3% methanolin water.2

The chromatogramof sampleC recordedunder
theseconditions(Fig. 2) showedpeaksat TR 60s
andatTR 600s.Previousexperiments2 showedthat
somedimethylarsinylriboside derivativeselute in
the cation exchange system at TR 60s. The
retentiontime of the latter peakwasidenticalwith
that of AsB. In order to substantiatefurther the
presenceof AsB in this sample, the mushroom
extract was spiked with 140pg As as AsB. The
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chromatogramin Fig. 2 shows that the spiked
standardco-elutedwith the AsB originally present
in thesample.Althoughsupportfor thepresenceof
an arsenosugar(e.g.a dimethylarsinylribosyl deri-
vative with a glyceryl phosphateside chain) was
provided by co-chromatographywith authentic
material (Fig. 2), an independentconfirmation
would be ideal. This is becausethe arsenic-
containingcompoundwhich eluted at TR 60s is

barely separatedfrom the chromatographicvoid
volume(TR 30s) andthe risk of wrong identifica-
tion basedon retentiontime alonecannotbe ruled
out. Unfortunately,the anion-exchangechromato-
graphicsystemusedfor thechromatogramsin Fig.
1 did not provide any additional information
becausethe arsenosugarco-elutedwith DMA in
this system.2 Thereforethe extract of mushroom
sampleC wasanalysedby anion-exchangeHPLC–

Figure 1 Anion-exchangeHPLC–ICP–MSchromatographyof (a) sampleA using1� 20 (v/v) dilution of theextractwith water.
(b) Cation-exchangeHPLC–ICP–MSchromatographyof sampleC using1� 4 (v/v) dilution by waterbeforeinjection. Injected
volume50ml. Vertical axis,ICP–MSsignalintensityin countssÿ1 at m/z75 (75As); horizontalaxis,time (s).For speciesacronyms,
pleaseseetext.
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ICP–MSusing 20mM phosphateat pH 4.5 as the
mobile phaseand a Hamilton PRP-X100strong
anion-exchangeHPLC column as the stationary
phase.18 In this chromatographicsystemthe reten-
tion time of the arsenosugarwasestablishedat TR
360s usingthestandardsubstance.Thechromato-
gramof thesamplehowever,did notshowanypeak
at thatretentiontime.Consequently,theidentity of
peak1 remainsunknown.Additional work will be
carried out to investigate the identity of the
unknown substancein Laccaria amethystinacol-
lectedfrom thehighly arsenic-contaminatedarea.

3.3 Quantitative results

AsB was presentin sampleC at 0.7mg As gÿ1 as
estimatedby themethodof standardadditions.This
valuerepresented0.05%of thetotalarseniccontent
in thatsample.AsB couldnot bedetectedin anyof
samplesA (<0.6%)or B (<2.0%).Thequantitative
resultswhicharegivenin Table1 showthatarsenic
asDMA accountedfor 68–74%of thetotal arsenic
whereasMMA andthetoxic As(V) amountto afew
per cent of the total. The likewise toxic As(III)
could not be detectedin any of the samples.Even
though the total arsenic concentration varied
markedly, the relative amounts of the arsenic

speciesdetectedwere similar in samplesfrom
uncontaminatedand contaminatedlocations.This
showsthatthemushroomby itself, or in association
with soil bacteria, is able to biosynthesizehigh
amountsof DMA alsoin soil highly contaminated
by inorganicarsenic.Thehighproportionof arsenic
asDMA foundin Laccariaamethystinasamplesin
thisstudyandthelow amountsof otherinorganicor
methylatedarsenicspeciesis in accordancewith
similar resultsfor this mushroomspeciescollected
in otherpartsof Europe.11,12

The sum of the extractedspeciesplus unex-
tracted arsenic is in good agreementwith the
independenttotal arsenic determination for the
samplefrom the highly contaminatedsoil (sample
C), whereasthe similar sum of concentrations
unfortunatelyis somewhathigher for samplesA
andB. However,themicrowave-assistedextraction
techniquethatwasusedleft between15and32%of
the total arsenicunextractedin thesamples.

3.4 Aspects of arsenic metabolism
in terrestrial biota

The metabolismof arsenicin marinelife hasbeen
proposedto involvethealgae-mediatedtransforma-
tion of As(V) to AsSugarvia DMA, followed by

Figure 2 Cation-exchangeHPLC–ICP–MSchromatographyof sampleC using1� 4 (v/v) dilution by water.Themobilephasewas
a 0.5mM solutionof pyridinium formatein 97% water–3%methanolat pH 2.7. The solid line in the chromatogramindicatesthe
arsenicsignalintensityrecordedafterspikingthedilutedsampleextractwith anarsenosugar(peak1) andAsB at 165pgand140pg
asarsenic,respectively.Thedottedtraceindicatesthesignalintensitybeforespiking.Injectedvolume50ml. Vertical axis,ICP–MS
signalintensityin countssÿ1 at m/z75 (75As); horizontalaxis, time (s). For speciesacronyms,pleaseseetext.
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severalother biosyntheticstepswhich lead to the
formation of AsB.4 The recent findings of AsB,
AsC and TMAs in some arsenic-accumulating
mushroomspecies12,18–20indicatethatbiosynthetic
routessimilar to thosesuggestedfor the formation
of AsB andTMAs in themarineenvironmentmay
also be active in the terrestrial environment.
Furthermore,AsB and AsSugarswere presentin
shrimp and mussels collected from deep-sea
hydrothermal-ventcommunitiesin the Atlantic. In
this environment biosynthetically active marine
algae are absent,and it was suggestedthat the
formation of the arsenicalswas based on the
biosyntheticactivity of autotrophicbacteria.21

However,it remainsunknownif thebiosynthesis
of theseorganoarsenicalsin theterrestrialenviron-
mentis carriedout by soil bacteriaassociatedwith
the mycelium of Laccaria or by the mycelium
itself.

3.5 Human health risk
considerations

On the basisof epidemiologicalstudiesinorganic
arsenichasbeenclassifiedas a suspectedhuman
carcinogenof the lung and skin,22 but in experi-
mentalanimalstudiesthis compoundhasnot been
provedasa carcinogen.Othertoxicologicalanimal
studies,however, have focused on the possible
adverseeffectsof dimethylarsinicacid,whichis the
main metaboliteof inorganic arsenic.23 In these
experimentsmice were orally exposedto a single
dose of 1500mgkgÿ1 body weight of sodium
dimethylarsinate.The dose-inducedlung-specific
DNA damage,i.e. DNA single-strandbreaks,may
be causedby the dimethylarsenicperoxyl radical
which is formedduring the further metabolismof
DMA by reactionbetweenmolecularoxygenand
DMA.24 In a study in vitro, humanalveolarcells
wereexposedto DMA; this led to a moredetailed
understandingof themechanismof theDNA strand

breaksand the formation of DNA–protein cross-
links.25 Besidesits genotoxiceffectperse,DMA in
micealsopromotedtheformationof tumourswhich
were initiated by exposureto 4-nitroquinoline1-
oxide, a chemical carcinogen.26 The genotoxic
effectsobservedin experimentsin vivo andin vitro
may indicate a potential pathway for chemical
pulmonarycarcinogenesisin man.

The genotoxic effects of DMA in animal
experimentsraisethequestionof whetheringestion
of this compoundvia consumptionof Laccaria
amethystinawith the extraordinarily high DMA
concentrationof 970mg As gÿ1 representsany risk
to humanhealth.Theamountof DMA ingestedby
an adult (70kg body weight) via consumptionof
50g (dry weight) of the mushroom from the
contaminatedlocation is around50mg of arsenic
or about100mg of DMA. This correspondsto an
exposureof 1.4mgDMA kgÿ1 bodyweight,which
is aboutthreeordersof magnitudebelowtheDMA
doses used in the animal experiments
(1500mgkgÿ1 body weight). However,since the
genotoxic effect observedin the animal experi-
mentsmay lead to the formation of cancerof the
lung and,becauseno zero-effectexposurelevel to
DMA has been established,we conclude that
ingestion of Laccaria amethystinagrown on the
contaminatedsoil should be avoided in order to
minimize the risk of developmentof cancer in
humans.
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Table 1. Quantitativeresultsfor four arsenicspeciesandtotal arsenicconcentrationsin threesamplesof Laccariaamethystinaa

Sample Location MMA DMA TMAO As(V) Unextractedb Sumc
Total

arsenicd

A Uncontaminated 1.0 (1.2%) 61 (68%) 1.8 (2.0%) 3.0 (3.3%) 23 (26%) 90 77
B Uncontaminated 0.9 (2.9%) 23 (74%) 0.2 (0.6%) 1.9 (6.1%) 4.6 (15%) 31 23
C Contaminated 4.1 (0.3%) 970 (68%) 20 (1.4%) n.d.e 460(32%) 1450 1420

a All resultsaregiven asmg As gÿ1 dry mass,andthe relativeamountsaregiven in parenthesesasa percentageof thesum.
b Concentrationof total arsenicremainingafter extraction.
c Sumof theconcentrationsof arsenicspeciesandthe unextractedarsenic.
d Determinedin an independenttotal arsenicdetermination.
e Not detectable,<1.4mg As gÿ1 dry weight.
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