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Samples of the edible mushroomLaccaria recommended not to consuméaccaria amethys-
amethystina, which is known to accumulate tina mushrooms collected from the highly
arsenic, were collected from two uncontami- contaminated soil, because of a genotoxic effect
nated beech forests and an arsenic-contaminated of dimethylarsinic acid observed at high doses in
one in Denmark. The total arsenic concentration  animal experiments.© 1998 John Wiley & Sons,
was 23 and 77ug As g ! (dry weight) inthetwo  Ltd.
uncontaminated samples and 142f.g As g * in
the contaminated sample. The arsenic species Appl. Organometal. Chenti2, 285291 (1998)
were liberated from the samples using focused
microwave-assisted extraction, and were Keywords: mushroom; arsenic speciation;
separated and detected by anion- and cation- HPLC-ICP-MS; dimethylarsinic acid; arseno-
exchange high-performance liquid chroma- betaine; trimethylarsine oxide; toxicological
tography with an inductively coupled plasma evaluation; soil contamination
mass spectrometer as arsenic-selective detector. - )
Dimeth;r/)larsinic acid accounted for 68—74%, Received 17 February 1997; accepted 17 September 1997
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 growinginthe 1 INTRODUCTION
highly arsenate-contaminated soil (500-80fig
Asg ) the mushrooms or their associated Arsenic inthe chemical forms (species) of arsenous
bacteria were able to biosynthesize dimethylar- acid [As(lll)] and arsenic acid [As(V)] is well
sinic acid from arsinic acid in the soil. Further-  known for its toxic properties to humans. Most of
more, arsenobetaine and trimethylarsine oxide the relatively high concentrations of arsenic in
were detected for the first time in Laccaria seafood are present, however, as organoarsenic
amethystina. Additionally, unidentified arsenic =~ compounds of low toxicity, and the inorganic forms
species were detected in the mushroom. The usually constitute only a few per cent of the total.
finding of arsenobetaine and trimethylarsine The organoarsenic compounds present include
oxide in low amounts in the mushrooms showed dimethylarsinylriboside derivatives (‘AsSugars’)
that synthesis of this arsenical in nature is not which are the predominant form of arsenic in
restricted to marine biota. In order to minimize  shellfish? and arsenobetaine (AsB), which is the
the toxicological risk of arsenic to humans it is dominating chemical form in fish and crusta-
ceans:
* Correspondence to: E. H. Larsen, Danish Veterinary and Food Arsenic -IS g-enera"y present -at m-u-Ch IOW_eI’
Administration, Institute of Food Chemistry and Nutrition, 19 concentrations in f(.)OdS of terrestr_lal origin than I.n
Markhgj Bygade, DK-2860 Sgborg, Denmark. seafood. A calculation of the total intake of arsenic
E-mail: ehl@vfd.dk. via food in Denmark showed that in spite of a low
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consumptiorrate, seafoodcontributed72% of the

total arsenicintake at 118pg day *, whereasl2%

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

estimatedotal intake of arsenicfrom the diet was
still belowthe provisionaltolerabledaily intakefor

inorganic arsenic® Certain mushroom species,
includingthe edibleLaccariaamethystinaareable

to accumulatearsenic.Samplesof this mushroom
from uncontaminated locations in DenmarR

showedarsenicconcentrationsit 58—320ug As g+

dry Weight, and in similar samplesfrom Central
Europé® the arsenic concentrationswere 6—

250pug Asgt. The question arises whether this

mushroomis ableto bioaccumulatersenicat even
higher concentrationsfrom a contaminatedsoil

environment, and if so what the toxicological

implication may be to personsvho consumethese
mushrooms.

Terrestrialfungi (moulds)areableto biosynthe-
size monomethylarsoniacid (MMA), dimethyl-
arsinic acid (DMA) and trimethylarsine oxide
(TMAO) in addition to the gaseousarsinesfrom
inorganic arsenicc Recently it was shown that
DMA was the dominating arsenic species at
35ugAsg * (dry weight) in samplesof Laccaria
amethystind® UnexpectedlyAsB, whichis usually
found in marine samples,was detectedin other
speciesof arsenic-accumulatingnushroom¥ at
0.25ugAsg

The aim of this paperwas to investigatethe
concentrationsand chemical forms of arsenic
present in Laccaria amethystina collected in
uncontaminatedbeech forest locations, in com-
parisonwith samplescollectedin a similar, but
arsenic-contaminatedpcation. Furthermore,the
toxicological implications for humansconsuming
the mushroomswvere evaluated.

2 EXPERIMENTAL

2.1 Samples and sampling

Laccaria amethystinaCooke is a bright greyish-
purplemushroomwhenfresh,with acap10-52mm

in diameter lts distributionis solitary to scattered,;
it is occasionallygregariousprimarily living under

© 1998JohnWiley & Sons,Ltd.

oak or beechor in forestsof thesetreesand of
pines?

Pooledsamplef the mushroom(capandstem)
comprising10-100specimengachwere collected
in two beechforests15 and 35km, respectively,
north of CopenhagenThe arseniccontentin the
uncontaminatedforest soils was 2—4ugAsg
which is consistentwith the Danish background
concentratiorf. A similar pooledsamplewastaken
atacontaminatedocationin a forestnearthe town
of Hillergd, Denmark.The areawasformerly used
for wood impregnationusing a mixture of arsenic
pentoxidecupricoxideandchromiumtrioxide,and
spills from this processcausedan intensecontam-
ination of the soil. The mushroomsvere collected
at‘hot-spots’'wherethearsenicconcentratiorin the
soil reached500-800ug Asg* in orderto illus-
tratethe potentialarsenicexposureof humansupon
consumptiorof thesemushroomsDuring sampling
of the mushroomscarewas takennot to contami-
natethe biological materialby soil particles.Upon
returnto the laboratorythe sampleswere freeze-
driedandgroundin a mortar,thensievedthrougha
0.5-mmmeshplasticsieve.The powderedsamples
were storeddry in the dark at room temperature.
The water-extractald (bioavailable)arsenicin the
contaminatedopsoil waspreseni@asarsenaté?

2.2 Total arsenic determinations

The dry sample(0.1g) was digestedusing nitric

acidin ahigh-pressurd eflon-linedsteelbombtype
DAE Il (Berghof GmbH, Tibingen, Germany)
which washeatedat 160°C for 4 h. After cooling,

the wet-ashedhcidic residuewasdiluted by water;
total arsenic was then determinedby Zeeman-
correctedgraphitefurnaceatomicabsorptiorspec-
trometry, using platform atomizationin pyrolytic

graphitetubes.Palladium—magnesiumitrate was
used as a chemical modifier to preventloss by

volatilization of arsenicduring the furnace tem-
peratureprogramme and quantificationwas based
on peakareaabsorbanceneasurementssing the
methodof standarcadditions®*®

2.3 Extraction of arsenic species

Thedriedmushroonmsample(0.1 mg)wasplacedin
a 10-ml centrifugetubeand5.00ml of a mixture of
methanoland water 1 + 9 (v/v) was added.The
cappedcentrifugetubewasinsertednto the sample
cylinderandpositionedn 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
surroundedhecappedentrifugetube.The purpose
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 eachtreatmenthe cappedtube,which
hadreacheda maximumtemperaturef 70°C, was
cooled under running tap-water and the ballast
water was renewed. After the fourth and final
microwavetreatmenthe sample/extractammixture
was centrifuged and the clear supernatantwas
injectedinto the HPLC—ICP—-MSsystemwithout
any further samplepretreatment.

2.4 Arsenic speciation using
HPLC-ICP-MS

Aliquots of the sampleextractswere diluted with
waterbeforethe quantitativeanalysisusinganion-
andcation-exchanghigh-performancéiquid chro-
matography(HPLC) systemdfor the separatiorof
the arsenicspecies. Arsenic was detectedon-line
by inductively coupledplasmamassspectrometry
(ICP-MS) as describedin detail elsewheré? For
the organic polymeric strong anion-exchange
HPLC column used (ION-120, Interaction Chro-
matography, CA, USA), a 45mM ammonium
carbonatesolutionin 97 4 3 (v/v) water-methanol
atpH 10.3ataflow rateof 1 ml min~* servedasthe
mobile phase.For the lonosphere-Csilica-based
strongcation-exchange&lPLC column(Chrompack
International, Middelburg, The Netherlands),a
5mmM pyridinium formate solution in the same
solvent mixture at pH 2.7 servedas the mobile
phase.The ICP-MS instrument(Elan 5000, Sciex
Perkin-Elmer, Ont., Canada) was operated at
1300W radio-frequencypower for optimum ar-
senicsignalintensity’’ which wasrecordedversus
time usingthe Graphicssoftwarefacility.

Aqueous solutions of standard substancesof
As(lll), As(V), MMA, DMA and TMAO were
chromatographean the HPLC—ICP-MSsystems
individually or asmixturesandtheirretentiontimes
(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.

© 1998JohnWiley & Sons,Ltd.

3 RESULTS AND DISCUSSION

3.1 Methylated and inorganic
arsenicals

The use of separateanion- and cation-exchange
HPLC systemshas proved useful and flexible for
the separationof 11 anionic or cationic arsenic
speciesoccurringin marinebiological samplesin
the anion-exchangeHPLC system, the cationic
arsenic species elute unretainedwith the void
volume followed by DMA, As(lll), MMA and
As(V). In the cation-exchangeHPLC system
As(lll), MMA and As(V) elute, unretainedwith
thevoid volume,followed by AsSugarl3,DMA, 2-
dimethylarsinylacetic acid, AsB, AsSugar 11,
TMAO, arsenocholindAsC) andtetramethylarso-
nium-ion(TMAs) asdiscussedh detailby Larserf.
Typical chromatogram®btainedusing thesetwo
separationtechniqueswith mushroomextractsas
samplesaregivenin Figs1 and?2.

The anion-exchangechromatogram (Fig 1a)
showeda largepeakat Tg 130—200s corresponding
to DMA, followed by two small peaks which
correspondetb MMA andAs(V). The peakwhich
elutedunretainedwith the void volumeat Tg 100s
in the samechromatogranindicatedthatadditional
neutralor cationic arsenicspecieswvere presentin
the sampleextract.

The cation-exchangechromatogram(Fig. 1b)
showeda peakat Tr 480s which correspondedo
the protonatedTMAO,*” anda peakcorresponding
to the protonatedform of DMA** which elutedat
Tr 60-200s. Furthermorethe identity of a minor
peakwhich elutedat Tg 300s remainsunknown.

3.2 Arsenobetaine in Laccaria
amethystina

In the cation-exchangehromatogranof sampleC
from the highly contaminatedsoil (Fig. 1b), two
peaksadditionally appearedat Tr 50s and at T
210s. In order to improve the chromatographic
selectivity of thesepeaks,the mobile phasewas
diluted 1+ 9 (v/v) with 3% methanolin water?
The chromatogramof sample C recordedunder
theseconditions(Fig. 2) showedpeaksat Tg 60s
andat Tg 600s. Previousexperimentéshowedthat
somedimethylarsinylribosid 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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Figure 1  Anion-exchangddPLC—ICP—-MSchromatographyf (a) sampleA usingl + 20 (v/v) dilution of the extractwith water.
(b) Cation-exchang#&lPLC—-ICP-MSchromatographyf sampleC using 1+ 4 (v/v) dilution by water beforeinjection. Injected
volume50pl. Vertical axis, ICP-MSsignalintensityin countss* atm/z 75 ("°As); horizontalaxis, time (s). For speciescroryms,

pleaseseetext.

chromatogramin Fig. 2 shows that the spiked
standardco-elutedwith the AsB originally present
in the sample Although supportfor the presencef
an arsenosugafe.g. a dimethylarsinylribosy 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-
containing compoundwhich eluted at Tr 60s is

© 1998JohnWiley & Sons,Ltd.

barely separatedrom the chromatographicvoid
volume (Tr 30s) andtherisk of wrong identifica-
tion basedon retentiontime alonecannotbe ruled
out. Unfortunately,the anion-exchangehromato-
graphicsystemusedfor the chromatogram# Fig.
1 did not provide any additional information
becausethe arsenosugaco-elutedwith DMA in
this systen? Thereforethe extract of mushroom
sampleC wasanalysedy anion-exchang&lPLC—

Appl. OrganometalChem.12, 285-291(1998)
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Figure 2 Cation-exchangelPLC-ICP—-MSchromatographgf sampleC usingl + 4 (v/v) dilution by water. Themobilephasevas
a 0.5mm solutionof pyridinium formatein 97% water—3%methanolat pH 2.7. The solid line in the chromatogranmindicatesthe
arsenicsignalintensityrecordedafter spikingthe diluted sampleextractwith anarsenosugaipeakl) andAsB at 165pgand140pg
asarsenicrespectively The dottedtraceindicatesthe signalintensitybeforespiking. Injectedvolume50 ul. Vertical axis,ICP-MS
signalintensityin countss™* at m/z75 ("°As); horizontalaxis, time (s). For speciesacronyms pleaseseetext.

ICP—MSusing20mm phosphateat pH 4.5 asthe
mobile phaseand a Hamilton PRP-X100strong
anion-exchangeHPLC column as the stationary
phase® In this chromatographisystemthe reten-
tion time of the arsenosugawas establishedat T
360 s usingthe standardsubstanceThe chromato-
gramof thesamplehowever did notshowanypeak
atthatretentiontime. Consequentlythe identity of
peakl remainsunknown.Additional work will be
carried out to investigate the identity of the
unknown substancen Laccaria amethystinacol-
lectedfrom the highly arsenic-contaminategrea.

3.3 Quantitative results

AsB was presentin sampleC at 0.7pgAsg * as
estimatedy the methodof standardadditions.This
valuerepresente0.05%of thetotal arseniccontent
in thatsample AsB couldnot be detectedn any of
samplesA (<0.6%)or B (<2.0%).Thequantitative
resultswhich aregivenin Table1 showthatarsenic
asDMA accountedor 68—74%of thetotal arsenic
whereasMMA andthetoxic As(V) amountto afew
per cent of the total. The likewise toxic As(lll)
could not be detectedn any of the samplesEven
though the total arsenic concentration varied
markedly, the relative amounts of the arsenic

© 1998JohnWiley & Sons,Ltd.

speciesdetectedwere similar in samplesfrom
uncontaminatedand contaminatedocations. This
showsthatthe mushroonby itself, or in association
with soil bacteria,is able to biosynthesizehigh
amountsof DMA alsoin soil highly contaminated
by inorganicarsenicThehigh proportionof arsenic
asDMA foundin Laccariaamethystinasamplesn
this studyandthelow amountof otherinorganicor
methylatedarsenicspeciesis in accordancewith
similar resultsfor this mushroomspeciescollected
in otherpartsof Europe!'*?

The sum of the extracted speciesplus unex-
tracted arsenicis in good agreementwith the
independenttotal arsenic determinationfor the
samplefrom the highly contaminatedsoil (sample
C), whereasthe similar sum of concentrations
unfortunatelyis somewhathigher for samplesA
andB. However the microwave-assisteextraction
techniquehatwasusedeft betweernl5and32%of
thetotal arsenicunextractedn the samples.

3.4 Aspects of arsenic metabolism
in terrestrial biota

The metabolismof arsenicin marinelife hasbeen
proposedo involve thealgae-mediatettansforma-
tion of As(V) to AsSugarvia DMA, followed by

Appl. OrganometalChem.12, 285-291(1998)
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Table 1. Quantitativeresultsfor four arsenicspeciesandtotal arsenicconcentrationsn threesamplesof Laccariaamethystind

Total
Sample Location MMA DMA TMAO As(V)  Unextracte  Sunf arsenié
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%) nd® 460 (32%) 1450 1420

@ All resultsaregivenaspg As g~ dry massandthe relativeamountsaregivenin parentheseasa percentagef the sum.

b Concentratiorof total arsenicremainingafter extraction.

¢ Sumof the concentration®f arsenicspeciesandthe unextractedarsenic.

Determinedn anindependentotal arsenicdetermination.
© Not detectable<1.4ug As g~ dry weight.

severalother biosyntheticstepswhich lead to the
formation of AsB* The recentfindings of AsB,
AsC and TMAs in some arsenic-accumulatg
mushroonspecie$**®-?%indicatethatbiosynthetic
routessimilar to thosesuggestedor the formation
of AsB and TMAs in the marineenvironmentmay
also be active in the terrestrial environment.
Furthermore,AsB and AsSugarswere presentin
shrimp and mussels collected from deep-sea
hydrothermal-ventommunitiesin 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®*

However,it remainsunknownif the biosynthesis
of theseorganoarsenicalis theterrestrialenviron-
mentis carriedout by soil bacteriaassociatedvith
the mycelium of Laccaria or by the mycelium
itself.

3.5 Human health risk
considerations

On the basisof epidemiologicalstudiesinorganic
arsenichasbeenclassifiedas a suspectechuman
carcinogenof the lung and skin?? but in experi-
mentalanimal studiesthis compoundhasnot been
provedasa carcinogenOthertoxicologicalanimal
studies, however, have focused on the possible
adverseeffectsof dimethylarsinicacid,whichis the
main metabolite of inorganic arsenic®® In these
experimentsnice were orally exposedo a single
dose of 1500mgkg* body weight of sodium
dimethylarsinate.The dose-inducedung-specific
DNA damagej.e. DNA single-strancdbreaks may
be causedby the dimethylarsenicperoxyl radical
which is formed during the further metabolismof
DMA by reactionbetweenmolecularoxygenand
DMA.?*In a study in vitro, humanalveolarcells
wereexposedo DMA; this led to a moredetailed
understandingf themechanisnof the DNA strand

© 1998JohnWiley & Sons,Ltd.

breaksand the formation of DNA—protein cross-
links.2° Besidests genotoxiceffectperse,DMA in
micealsopromotedheformationof tumourswhich
were initiated by exposureto 4-nitroquinoline 1-
oxide, a chemical carcinogerf® The genotoxic
effectsobservedn experimentsn vivo andin vitro
may indicate a potential pathway for chemical
pulmonarycarcinogenesig1 man.

The genotoxic effects of DMA in animal
experimentsaisethe questionof whetheringestion
of this compoundvia consumptionof Laccaria
amethystinawith the extraordinarily high DMA
concentratiorof 970ug As g~ representsiny risk
to humanhealth.The amountof DMA ingestedby
an adult (70kg body weight) via consumptionof
50g (dry weight) of the mushroom from the
contaminatedocation is around50mg of arsenic
or about100mg of DMA. This correspondgo an
exposuref 1.4mgDMA kg~ bodyweight,which
is aboutthreeordersof magnitudebelowthe DMA
doses used in the animal experiments
(1500mgkg~* body weight). However, since the
genotoxic effect observedin the animal experi-
mentsmay lead to the formation of cancerof the
lung and,becauseao zero-effectexposurdevel to
DMA has been established,we conclude that
ingestion of Laccaria amethystinagrown on the
contaminatedsoil should be avoidedin order to
minimize the risk of developmentof cancerin
humans.
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