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Levels of total arsenic and arsenic species were INTRODUCTION

determined in fungi collected from Yellowknife,

NWT, Canada, an area that has been affected by Yellowknife is located on Great Slave Lake, in the
past mining activities and elevated arsenic levels. Northwest Territories, Canada. A major industry in
Lichens (belonging to Cladonia and Cladina the city is gold mining, with two gold mines having
genera), as well as the mushroomsCoprinus  been in recent operation. The gold in the mined ore
comatus, Paxillus involutus, Psathyrella candol- is associated with arsenopyrite (FeAsS), and hence
leanaand Leccinum scabrumwere studied for ~ arsenic waste is generated during the smelting
the first time. Most of the fungi contained operation. This has led to increased amounts of
elevated arsenic levels with respect to data found arsenic in the Yellowknife environment, associated
in the literature for background levels. Minor ~ with aerial emissions, tailings runoff and effluent
amounts of arsenobetaine were found in all discharge:?

lichen samples. The major water-soluble arsenic Arsenic is associated with adverse effects, but its
species in the fungi were inorganic arsenic for toxicity is dependent on the chemical form, or
lichens and Psathyrella candolleana arseno-  species, that it takes. For example, arsenobetaine
betaine for Lycoperdon pyriformeand Coprinus  [(CH3)3As"CH,COO ] is found in marine animals
comatus and dimethylarsenate for Paxillus and mushroom$, and is much less toxic than
involutus and Leccinum scabrum A large  arsenous acid [As(OH) or arsenite. For this
proportion of water-soluble arsenic in Paxillus  reason, the determination of the total amount of
involutus occurred as an unknown compound, arsenic in a sample is not sufficient to assess
which did not co-chromatograph with any of the ~ environmental risk, and speciation analysis is
available standard arsenic compounds. Low necessary in order to determine the form of arsenic
proportions of water-soluble arsenic species inthe sample.

(made evident by low extraction efficiencies) Interest in the arsenic content in mushrooms has
were observed in the majority of fungi studied. increased in the last decade. Some species of
Arsenic that is not extracted may be bound to mushrooms appear to accumulate arsenic and other
lipids, cell components or proteins, or might metals from soift and their potential as biological
exist on the surface of the fungus as minerals. pollution indicators has been discussed-or
Copyright © 2000 John Wiley & Sons, Ltd. mushrooms that accumulate arsenic and are edible,
such aslLaccaria amethystinatoxicological con-

Keywords: arsenic; mushrooms; lichens; specia- sequences (if any) to consumers have been of

tion; arsenobetaine; mining concern® For these reasons, the uptake and
_ speciation of arsenic in mushrooms has been
Received 14 July 1999; accepted 21 October 1999 studied. Determining the species of arsenic in

mushrooms, especially those containing elevated
levels, helps in toxicological risk assessment.
Chemical processes taking place in the terrestrial
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Royal Military College of Canada, 12 Vetitave., PO Box 17000 extent "?‘S .those in the ma”r.‘e environment. The
Stn Forces, Kingston, ON, Canada, K7K 7B4. recent findings of arsenobetaine and arsenocholine

E-mail: koch-i@rmc.ca in  mushrooms have led researchers to draw
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similarities betweenmarine and terrestrial path—
ways for the formation of arseniccompounds™®
The presenceof arsenobetainen mushroomsin
higher taxonomic positions (i.e. more highly
evolved)® is similar to that of arsenobetalnen
highermarineorganismssuchasmarineanimals**

It hasbeenproposedhatthefungi producingthe
mushroomsre responsibldor the biosynthesiof
more complex arsenicforms, such as arsenobe-
taine° This theoryis favoredfor two reasonsOne
is that arsenobetainéas not beenfound in soil.*
Arsenobetame«vas however,identified in ant-hill
material? andits presencen estuarinevaterswas
recently confirmed*® The secondreasonis that
similar chemicalformsof arsenichavebeenseenn
mushroomspemescollected from different loca-
tions® In supportof thefungusbiosynthesisheory,
the fungi Agaricus placomycesand Pleurotussp.
(produ0|nged|bIemushrooms)nethylatearsemao
asmall extent™

This papersummarizemew dataaboutarsenic
speciesn lichens,which havenotyet beenstudied,
as well as some mushroom speciesfor which
arsenicspeciatiorhasnotyetbeendeterminedThe
elevated levels of arsenic in the Yellowknife
environmenimakeit anideal studyareafor arsenic
speciationin fungi.

0]

I
(CHg),AsCH,

EXPERIMENTAL

Chemicals and reagents

Arsenic standardswere obtained as sodium ar-
senate, Na,HAsO,-7H,O (Aldrich), arsenic tri-
oxide, As,Os; (Alfa), monomethylarsonicacid,
CH3AsO(OH), (VinelandChemical)andcacodylic
acid, (CH3),AsO(OH) (BDH) from commercial
sources as indicated. They were dissolved in
deionized water to make standardsolutions of
arsenatdgAs(V)], arsenite[As (l11)], monomethyl-
arsonic acid (MMA) and dimethylarsinic acid
(DMA). Arsenic-containingribofuranosides(ar-
senosugarsyvere previously characterizedn ex-
tractsof kelp powder(GaIIoway s,VancouverBC)
andNori (Porphyratenerd.'® Theseextractswere
usedto identify theretentiontimesof arsenosugars,
which were verified by comparing them with
retention times obtainedfrom pure arsenosugars
(donatedby K. Francesconiand T. Kaise). The
structureof thearsenosuganssedin thiswork and
their abbreviationsare shown in Fig. 1. The
numberlngsystemused(X—XIII ) follows that of
Shlbata et alt Arsenobetalne[(CHg)gAs CH,
COO],*" arsenocholine [(CHz)sAs™C &CHZ
OH],*® trimethylarsineoxide [(CH3)sAsOI* and

OH

OCH,CHCH; —R

OH OH
Arsenosugar | R
abbreviation
X -OH
XI -OPO;HCH,CH(OH)CH,OH
XII -SOsH
XHI -OSOsH

Figure 1 Structuresandabbreviationf arsenosugars.

Copyright© 2000JohnWiley & Sons,Ltd.
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tetramethylarsonium iodide [(CH3).As ][l 71,%°
with the abbreviations AB, AC, TMAO and
Me,As*, respectively,had beensynthesizedore-
viously according to standard methods. Other
reagentof analyticalgradeor betterwereobtained
from commercialsources.

Study area and sampling methods

Sincethe major anthropogenicourceof arsenicn

Yellowknife is gold-mining waste, fungi were
samplednearand on mine properties. Two mines
were operatingin Yellowknife at the time of the
study:the Royal Oak Giant Mine, locatednorth of

the city, andthe Miramar Con Mine, southof the
city. Sampleswere collectedduring two one-week
samplingtrips, in Juneand August1997.A lichen

sample(Lichen4, similarin appearance frog pelt
lichen Peltigeraneopolydactylabut not positively
identified by speciesor genus),puffball Lycoper-
don pyriforme andshaggymanemushroomCopri-

nus comatus were collected from Giant Mine

tailings ponds.The other sampleswere collected
from Con Mine property:pixie cup lichen (Clado-
nia sp.,PClandPC2),Paxillusinvolutus,Psathy-
rella candolleanaand Leccinum scabrum from

outflow areaswestandsouthof the tailings ponds;
pixie cup lichen (Cladoniasp.,PC3)andLycoper-
donpyriformefrom atailingspond;andlichensthat
were growing together (Lichen 1, Cladina sp.;

Lichens2 and 3, Cladoniasp.) in a woodedarea
adjacentto the tailings ponds. All Cladonia sp.

samplesappearedto be different species;hence
theyweregivendifferentcodenamegPC1,Lichen

1, etc.).

The sampleswere picked by hand, stored in
Ziploc®™ bagsandkept cool until processingn the
lab. There,they were washedthoroughlywith tap
waterto removesoil andotherparticles rinsedwith
deionized 18 M(?) water,andfrozen.ldentification
was carried out by examinationof fresh and dry
samplesaswell asphotographsfor distinguishing
characteristicandby usingfield guidebooks®~2
Assistancewvas obtainedfrom Olivia Lee (Botany
Department,UBC) and JamesBlack (Vancouver
Mycological Society).

Sample preparation and analysis

Whole mushroomswere preparedfor analysis.
Details of samplepreparationfor the analysisof
total arsenicand arsenicspeciesare given else-
where>?4 Briefly, for the determinationof total
arsenic sampleswerefirst digestedwith nitric acid
and hydrogenperoxide,using a glassand Teflon
reflux apparatug® This acid digest was diluted

Copyright© 2000JohnWiley & Sons,Ltd.

appropriatelyandanalyzedoy ICP—MSwith a flow

injectionsamplentroductionsystem.To determine
arsenicspeciesin the water-solublefractions of

plants,the plantswere extractedwith a mixture of

methanol/water(1:1, v/v). The sample extracts
were analyzed by HPLC-ICP-MS for arsenic
speciesasdescribecelsewheré?

Quality assurance (QA) and quality
control (QC)

Although fully quantitative data could not be
realized appropriateQA/QC measuresvereunder-
taken. Fungi and lichens were analyzedtogether
with a large number of biota samples from

Yellowknife and elsewher&*262” andthe QA/QC

programwasappliedto this largestudy.A blank,a

duplicate,anda certifiedreferencematerial(fucus,
IAEA-140/TM andoystertissue NIST 1566awere
carried through samplepreparationand analytical
proceduresor batcheof 12—15sample®r smaller.
The certified referencematerialswere within 10%
of the certifiedvalues.Relativestandardieviations
(RsD) were less than 15% for total amountsof

arsenicandlessthan30%(exceptin quantitiesnear
the limits of detection)for arsenicspeciesBlanks
were less than the limit of detectionfor arsenic
species.A limit of detection of 0.07ppm was
determinedfor total arsenicby using the method
blank.

RESULTS AND DISCUSSION

The elevatedlevels of arsenicin the Yellowknife
environmentgave us the opportunity to examine
arseniclevels and speciesn fungi of which some
had not been studied previously. Total arsenic
concentrationsin lichens and mushroomsfrom
Yellowknife aresummarizedn Table 1. Levelsof
arsenicin lichens were higher than the levels in
sampledrom a hot springsenvironmentn British
Columbia (maximum of 4.8ppm dry weight of
arsenic)* Thehighestevel of arsenian all lichens
occurredin Lichen 4 from the Giant Mine tailings
pond. This was also the samplinglocationfor the
puffball mushroom,Lycoperdonsp., which con-
tained the highest level of arsenic among the
mushroomsThehighestconcentratiorof arsenidn
the remaining lichens was observed in PC3
(Cladoniasp.),sampledrom the ConMine tailings
pond (520ppm); it was likely to have been
submergedat times of slow drainage from the
tailings pond. The lichens that were sampled

Appl. Organometal Chem.14, 245-252(2000)
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Table 1 Arsenicconcentrationgn lichensandfungi from Yellowknife

Sample Location [As] (ppmdry weight)
PC1(Cladoniasp.) WestCon Mine outflow 14.3
PC1,residué (Cladoniasp.) WestCon Mine outflow 6.4
PC2(Cladoniasp.) SouthCon Mine outflow 29
PC2,residué (Cladoniasp.) SouthCon Mine outflow 15.9
PC3(Cladoniasp.) Con Mine tailings pond 520
Lichen 1 (Cladinasp.) BesideCon Mine tailings pond 38
Lichen 2 (Cladoniasp.) BesideCon Mine tailings pond 49
Lichen 3 (Cladoniasp.) BesideCon Mine tailings pond 55
Lichen4 GiantMine tailings pond 2300
Paxillusinvolutus SouthCon Mine outflow 36
Psathyrellacandolleana SouthCon Mine outflow 13.6
Leccinumscabrum SouthCon Mine outflow 8.3
Coprinuscomatus Giant Mine tailings pond 410
Lycoperdonpyriforme GiantMine tailings pond 1010

2 Sampleobtaired whenthe residueremainingafter MeOH/waterextractionwasacid-digested.

together, Lichens 1, 2 and 3, containedsimilar
levels of arsenic,with an averageof 47 ppm (RSD
9 ppm) dry weight. This may indicate that these
different specieof lichensaccumulatearsenicto a
similar extent.

Someof the mushroomgontainedhigherlevels
of arsenicdhanthosefoundby othersin mushrooms
collectedfrom uncontaminatedreasFor example,
the specimenof Lycoperdonsp. analyzedin the
presentstudy contained1010ppm dry weight of
arsenic,whereasthe publishedbackgroundvalues
are0.46to 2.815%3mdry weightfor thesamefamily
of mushrooms.” Lycoperdonsp. from the Con
Mine tailings pond was not analyzedfor total
arsenichecausehe samplesizewassufficientonly
for speciationanalysis.In previous studies,total
arsenidevelsfor Psyathyrellasp.andLeccinumsp.
collectedfrom uncontaminatedreasverelessthan
0.2ppm dry weight"?® and for Paxillus involutus
theywere5.7-5.90pm? Arseniclevelsin Paxillus
involutus, Psathyrellacandolleanaand Leccinum
scabrum in the presentstudy were apparently
elevatedcomparedwith the levels publishedfor
similar species collected from uncontaminated
areas.The levels of arsenicin thesethree mush-
rooms in the presentstudy, however, were still
close to the range of backgroundconcentrations
(non-detectablgo 15ppm dry weight of arsenic)
for most mushroom$:'° The Coprinus comatus
mushroomdrom the GiantMine tailingspondwere
appreciablyelevatedin arsenicconcentratiorwith
respect to a published literature amount of
<0.1ppm for Coprinus micaceus® Its arsenic

Copyright© 2000JohnWiley & Sons,Ltd.

concentrationwas also elevatedevenwhen com-
pared with the exceptionally high background
levels (up to 130ppm dry weight) found in

Laccariasp®

Arsenic compoundswere identified by compar-
ing retention times of arsenic compoundsin
sampleswith thoseof standardcompoundslf the
retentiontime for anarseniccompoundn asample
wasthe sameasthatfor a standardcompoundthe
arseniccompoundwvasconcludedo havethe same
identity asthe standardcompoundlf the presence
of arsenobetaineor cationic species (such as
trimethylarsine oxide, arsenocholineand tetra-
methylarsonium)asindicatedafter analysiswith
anion-exchangdPLC—-ICP-MS,the identities of
suchspecieswere confirmedby analysiswith the
cation-exchangé{PLC—-ICP—-MSmethod.Cation-
exchangehromatographyasalsousedto confirm
the presenceof arsenosugaiX. This analytical
method separateghe aforementionedpeaksfrom
other peaks that co-elute with them on other
chromatographisystemsTheidentitiesof arseno-
sugarswere confirmed by ion-pairing chromato-
graphy.Somesampleswvere spikedwith standards
to confirm that retention times of arseniccom-
poundsdid not dependon matrix.

The primary purposeof the presenstudywasto
determinethe identity of detectablearsenicspecies
that could be extractedby MeOH/water(1:1) The
amountsof the arsenicspeciesfound were calcu-
latedsemi-quantitativelyto determineapproximate
levels of the compounds(i.e. major or minor
components).

Appl. Organometal Chem.14, 245-252(2000)
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Table 2 Concentration®f arsenicspeciesn Yellowknife lichens(ppm)

Sumof As EE
Samplé As(lll) As(V) MMA DMA SugarX AB TMAO MesAst Unknown specie§ (%)
PC1 0.8 0.8 <0.02 Trac€ <0.01 0.2 <0.02 <0.01 <0.01 1.8 13
PC2 6 14 0.26 0.4 0.6 1.31 1.8 0.039 0.3X° 12 42
PC3 29 13 1.9 16 <003 1.9 <0.06 <0.03 <0.03 47 9.1
Lichenl 6.4 3.0 <0.04 1.0 <0.02 0.6 05 <0.02 0.19X 12 31
Lichen2 4.6 14 0.39 <0.04 <0.02 0.79 05 <0.02 <0.02 7.7 16
Lichen3 4.2 35 0.5 0.38 0.4 0.4 06 <0.02 <0.02 10 18
Lichen4 0.5 24 1.0 0.7 <0.05 Trace <0.10 <0.05 <0.05 26 11

Abbreviations:MMA andDMA, mono-anddimethylarseniacid; AB, arsenobetainefMAO, trimethylarsineoxide.

2 SeeTable 1 for lichen generaandlocations.

Traceamountsaregreaterthanor at the limit of detection(LOD) but lessthan3 x LOD.
¢ Sumof As speciedncludestraceamounts(givenan LOD value).
EE = Percentagextractionefficiency, calculatedas (sumof As species)/(totalrsenicfrom Table 1) x 100%.
¢ UnknownX = peakseluting betweenarsenobetainandtetramethylarsoniunion on the cationexchangesystem.

The arsenicspeciesextractedfrom lichensand
mushroomsare summarizedin Table 2 (lichens)
and Table 3 (mushrooms).The major arsenic
speciedn lichenswere arseniteandarsenatewith
the sumof thesetwo speciesmakingup 62 to 93%
of the total extractedarsenicfor the lichen speci-
mensanalyzed.

Arsenobetain@asbeenfoundfor thefirsttimein
lichens;it was presentin all the lichenssampled.
Chromatogramsf PClandPC2extracts obtained
from cation-exchangelPLC—ICP-MSanalysisare
shownin Fig. 2. Arsenobetainevas identified in
PC1 by spiking the sampleextractwith standard
arsenobetain@and demonstratingco-chromatogra-
phy of the suspectedomponentvith the authentic
material (Fig. 2a). It was identified in PC2 (and
other lichen samples)by matching the retention

time of the presumedarsenobetaingeak in the
samplewith that of the standardFig. 2b).

ArsenosugaX waspresentn minor amountsin
two lichen samplesPC2 (5% of extractedarsenic)
and Lichen 3 (4% of extractedarsenic)from the
ConMine area.Arsenosugarsverenot detectedn
Lichensl1 and2, whichweregrowingtogethemith
Lichen 3 (Table2).

Somesimilaritiesexistfor all lichen specieghat
were sampledirom the Con Mine drainagesystem
(PC1,PC2,PC3, Lichen 1, Lichen 2, Lichen 3),
summarizedn Table4. The proportionof As (111)
was similar for all samples(42—61%o0f extracted
arsenic, see Table 4), but a broaderrange was
observedor the relative amountsof As (V) in the
lichens(12-44%of extractedarsenic) Amountsof
arsenobetaineangedfrom 4 to 11%, and similar

Table 3 Concentrationf arsenicspeciesn Yellowknife mushroomgppm)?

Sugar Sumof As

Sample As (ll) As(V) MMA DMA XI AB AC MesAst  Unknown  species EE
Paxillus sp. 11 0.7 <0.05 16 0.8 <0.01 <0.01 0.11 0.3XP11Y° 30 83
Psathyrellasp. 14 4.4 0.14 0.6 <0.01 0.30 <0.07 0.17 <0.07 7.0 51
Leccinumsp. 0.17 0.08 <0.01 6.5 <0.01 <0.07 <0.07 <0.07 <0.07 6.8 85
Coprinussp. 2.0 4(1) <0.02 1.7 <0.02 60 0.3 <0.1 0.4X 68 17
Lycoperdorsp. 3.3 21(1) 6 10 <0.2 30 0.6 0.5 <0.1 71 7.1
(Giant Mine)

Lycoperdornsp. 12 12 <02 25 <02 60 0.6 0.30 0.5X 77 nd”
(ConMine)

SeeTable1 for mushroomlocations,and Table 2 for abbreviationsand noteson the columnheadings.
UnknownX, peakseluting betweenarsenobetainandtetramethylarsoniunion on the cation-exchangsystem.

¢ UnknownY, a broadpeakthat elutedslightly beforearsenobetainen the cation-exchangsystem.

9 nd, not determinedpecausehe total arsenicconcentratiorwasnot determined.

Copyright© 2000JohnWiley & Sons,Ltd.
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Figure 2 ArsenobetainéAB) in lichensanalysedby cation-
exchange  HPLC-ICP-MS (Supelcosil LC-SCX,
250mm x 4.6mm, 20mm pyridinium formate, pH 2.7) (a)
Chromatogramsof Yellowknife lichen (PC1) extract and
extract spiked with 50 ppb (parts per 10°) AB standard.(b)
Chromatogram®f Yellowknife lichen (PC2) extract, and of
100ppb AB andAC standardsUK, unknowncompound.

amountsof TMAO were observedfor the three
lichen species(Lichens 1, 2 and 3) that were

growing together(4-6.5 % of extractedarsenic).
Similarities in arsenic speciation betweenthese
three lichens might be expected,due to their
commonenvironment.

The Giant Mine lichen (Lichen 4) extract
contained predominantly As(V) and a small
proportion of arsenobetaing(0.5%) (Table 4).
Differencesin arsenicspeciationbetweenlichens
may have been causedby differencesin lichen
speciegand hencemetabolismof arsenic),and/or
differencedn their environmentskFor example the
major form of arsenicwas probably as arsenate
adsorbedonto ferric hydroxidein the Giant Mine
tailings >° which mayhaveled to thepredominance
of arsenatén the tailings water. Unlike Lichen 4,
the ConMine lichensamplesverelesslikely to be
submergedn tailings pondwater.

The mushroomLycoperdonsp. from the Giant
Mine tailings pondalsocontaineda proportionally
higher amount of arsenate,although the major
arsenicspeciesin both specimensof Lycoperdon
sp. was arsenobetaine.ln a previous study,
arsenobetainevas also observedto be the major
arsenicspeciesxtractedfrom Lycoperdorechina-
tum (78%), Lycoperdon perlatum (88%) and
Lycoperdonpyriforme (62%); minor components
included As(V), As (lll), MMA and DMA.*° A
greatervariety of arsenicspecieswvas observedn
the Lycoperdonsp. from Giant Mine tailings pond
thanin Lycoperdorsp.from the Con Mine tailings
pond (seeTable 3). The specimenfrom the Giant
Mine tailings pond was observedio be in a more
mature form, and this may account for the
differences in speciation observed. Again, the
microbial environment influencing the fungus
may also have caused differences in arsenic
speciation.

Thearsenicspeciatiorwasdeterminedor water-

Table 4 Proportionsof total arsenicextracted(% of arsenicspeciesyor lichensandmushrooms

Sample Location As(lll) As(V) Methyl 4 sugars AB TMAO + cations
PC1 ConMine 44 44 1.9 11 0

pPC2 ConMine 50 12 10 11 18

PC3 ConMine 61 27 7.4 4.0 0
Lichenl ConMine 55 26 8.6 5.1 5.9
Lichen?2 ConMine 60 18 5.1 10.3 6.5
Lichen3 ConMine 42 35 13 4.0 6.0
Averagefor ConMine lichens 52 (8)? 27(11) 7.7(3.9) 7.5(3.5) 6.1(6.5)
Lichen4 GiantMine 1.9 91 6.5 0.5 0
Lycoperdorsp. GiantMine 4.6 29 22 42 7.8
Lycoperdorsp. ConMine 16 1.6 3.2 78 1.8

2 Standarddeviationof proportionsof eachcompoundior PC1,PC2,PC3,Lichen 1, Lichen 2, andLichen 3.

Copyright© 2000JohnWiley & Sons,Ltd.
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soluble speciesin the shaggy mane mushroom
Coprinus comatusfor the first time: the major
arsenic compound was arsenobetaine(88% of
extracted arsenic). Minor componentsincluded
inorganic arsenic, DMA, arsenocholineand an
unknownarseniccompound.

Paxillusinvolutusgrewin abundanceextto the
Con Mine effluentstream.lts arseniccontentwas
unusual becausea major proportion of arsenic
extracted (36%) was in an unidentified form
(unknown compoundY). The peak for unknown
Y wasbroadandits retentiontime wasnearthat of
arsenobetainen the cation-exchangesystem(see
chromatogramfig. 3). NeitherunknownY, nor a
minor componentunknownX, could be identified
asany of the arseniccompoundsvailableto usas
standards;the chromatogramof some of the
cationic arsenicstandardds shownin Fig. 3. An
unknownpeakpossessing retentiontime similar
to that for unknown Y, on an almost identical
chromatographisystem,wasobservedn mussels
by Larsenet al.*° The authorsestablishedhat the
compound was neither 2-dimethylarsinylethanol
[Me,As(O)CH,CH,OH] nor glycerylphosphoryl-
arsenocholine [MesAsCH,CH,O0—PQ, —
OCH,CHOHCH,OH].

The other major arsenic compound extracted
from Paxillus involutus was DMA (53% of
extracted arsenic). As(lll) and As(V), MesAs™,
anothemunknownspeciegunknownX) anda small
amount of arsenosugarXl (2.6% of arsenic
extracted)occurredasminor components.

The major arseniccompoundfound in Psathyr-
ella candolleanawas arsenatemaking up 63% of
thetotal arsenicextracted The nextmostabundant
compoundwas arsenite,and minor components
were MMA, DMA, arsenobetaineand Me,As™.
This mushroomspeciesis classifiedin the same
family as Coprinus sp. (Coprinaceae}® Simi-
larities have beenobservedin arseniccontentsof
different mushroom species within the same
family,*® andthusit is not surprisingto find some
of the same compounds(e.g. arsenobetaine)n
Psathyrella candolleanaand Coprinus comatus
Both mushroomsare edible but the major water-
solublearsenicspeciesn Psathyrellacandolleana
As (V) andAs (ll1), aretoxic to humansywhereasn
Coprinuscomatusthe major speciesAB, is not.

Leccinumscabrumcontainsmostly DMA with
minor amountsof inorganic arsenic.It has been
suggestedthat in more ‘primitive’ genera of
mushroomsarsenobetaineccurs much less fre-
quentlythanin generahataremorehighly evolved,
suchaspuffballs1° Onthisbasis Paxillusinvolutus

Copyright© 2000JohnWiley & Sons,Ltd.
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Figure 3 Chromatogramof Paxillus involutus extract (di-
lutedtenfold), showingthe presencef unknowncompoundx
and Y (UK-X and UK-Y, respectively),as well as DMA,
inorganicarsenic,and a small amountof Me,As". Standards
(25ppb) of MMA, AB, TMAO, AC andMe,As™) did not co-
chromatographwith UK-X and UK-Y. Cation-exchange
HPLC-ICP-MS was used: Whatman SCX Partisil 5,
250mm x 4.6mm, 20mm pyridinium formate,pH 2.7.

and Leccinum scabrum may be more primitive
mushrooms.

The presenceof arsenosugarXl in Paxillus
involutus representsone of the first reports of
arsenosugarsn mushrooms.In another study,
arsenosugaiXl was tentatively identified in an
extract of Laccaria amethystina but further
chromatographicconfirmation was consideredto
be necessaré.)

Small amounts (less than 1% of extracted
arsenic)of arsenocholinavere found in Coprinus
comatusand Lycoperdonsp. Arsenocholinehas
been observedonly in small amountsin marine
samples,even though studieshave demonstrated
that this compoundcan be readily biotransformed
into arsenobetaineby sediment$® However,
arsenocholinehas been observed previously in
mushrooms,being one of the major extracted
arsenicspeciesn Amanitamuscarid aswell asin
Sparassicrispa®®

Extraction efficiencies for lichens and fungi
rangefrom 1.1%for Lichen4 from the GiantMine
tailings pondto >80% for Paxillus involutusand
Leccinumscabrumfrom the Con Mine outflow
area. Unextracted arsenic may be in a non-

Appl. Organometal Chem.14, 245-252(2000)
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extractabldform, e.g.in a mineralizedform on the
outsideof the specimenpr boundto chitin or other
cell componentsof the fungus. Residuesof two

extractedlichens were analyzedfor total arsenic
(see Table 1) and extraction efficiencies (in

percentagevalues)from theseresultswere calcu-
latedasthedifferencebetweertotal arsenicandthe
arsenicin the residue, divided by total arsenic.
Basedon this calculation,55% of total arsenicwas
extracted from PC1, which differed from the
extractionefficiencyof 13%in Table2 (calculated
by summing the arsenic species detected and
dividing by total arsenic).An extractionefficiency
of 45% was calculated by using the arsenic
concentrationin the PC2 residue, which agrees
quite well with the 42% reportedin Table 2. The
difference in extraction efficiencies for PC1
indicatesthat somearsenicthat was extractedwas
not observed by the chromatographicsystems
available.

Researchs ongoingto elucidatethe identity of
unknowncompoundsn the samplesstudied(e.g.
Paxillus sp.) and to determinethe chemical and
toxicological natureof the unknown, unextracted
fractionsin fungi.
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