
         

Arsenic Compounds in Terrestrial Organisms II:
Arsenocholine in the Mushroom Amanita
muscaria

Doris Kuehnelt, Walter Goessler and Kurt J. Irgolic*
Institute for Analytical Chemistry, Karl-Franzens-Universität Graz, Universitätsplatz 1, 8010 Graz,
Austria

Arsenic compounds were identified and quan-
tified in the mushroom Amanita muscaria,
collected close to a facility that had roasted
arsenic ores. The powdered dried mushrooms
were extracted with methanol/water (9:1), the
extracts were concentrated and the concen-
trates were dissolved in water. The resulting
solutions were chromatographed on anion-
exchange, cation-exchange and reversed-
phase columns. Arsenic was detected on-line
with an ICP–MS detector equipped with a
hydraulic high-pressure nebulizer. Arsenite,
arsenate, dimethylarsinic acid and the
tetramethylarsonium cation were minor
arsenic compounds (~2% each of the total
22 mg kg21 dry mass), and arsenobetaine,
arsenocholine (~15% each) and several
unidentified arsenic compounds (~60%) were
the major arsenic compounds in Amanita
muscaria. The presence of arsenocholine
(detected for the first time in a terrestrial
sample) was ascertained by matching reten-
tion times in the anion-exchange, cation-
exchange and reversed-phase chromatograms
with the retention time of synthetic arseno-
choline bromide and chromatographing
extracts spiked with arsenocholine bromide.
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INTRODUCTION

The transformation of arsenic compounds in the
marine environment has been investigated in
detail,1 whereas comparatively little is known
about the fate of arsenic in the terrestrial
environment.2 Arsenobetaine was found to be the
main arsenic compound in a range of marine
animals such as fish, crustaceans, molluscs and
echinoderms.1,2 Arsenocholine, the rather elusive
member of the marine arsenic cycle and a
constituent of arsenic-containing phospholipids,3

was claimed to be present in shrimp,4–10 in
lobsters,10 in mussels,8,11 in the leatherback
turtle12 and in fish species.8,10,11,13,14 Extracts
prepared from fish, lobster and shrimp were
investigated by a combination of fast-atom-
bombardment mass spectrometry and tandem
mass spectrometry.7 Pyrolysis and gas chroma-
tography/mass spectrometry were used to
determine arsenocholine in fish.10,13 Extracts of
marine organisms were chromatographed on
cation-exchange columns,4,5,8,9 anion-exchange
columns,8,11 C18 reversed-phase columns6,12,14 or
gel permeation columns12 for the determination
of arsenocholine. As arsenic-specific detectors,
flame4 or graphite furnace4,6 atomic absorption
spectrometers or ICP–MS8,9,11,12,14 were used. The
arsenocholine reported to be present in the
dogfish reference material DORM-1 (National
Research Council of Canada)14 was suggested to
be the tetramethylarsonium ion.15 However,
recent investigations8 suggested that both arseno-
choline and the tetramethylarsonium ion are
present in DORM-1.

Because arsenobetaine, the renowned marine
arsenic compound, was recently detected in
mushrooms for the first time in the terrestrial
environment,16,17 arsenocholine could be present
as well. Simple methylated arsenic compounds
are known to be formed by fungi,2 bacteria,2

mushrooms,18 green plants,19 animals20 and* Correspondence to: Kurt J. Irgolic.
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humans21 from inorganic arsenic. These methyl-
ated arsenic compounds could serve as starting
materials for the biosynthesis of arsenocholine.
Although arsenic concentrations in terrestrial
organisms are generally lower than in the marine
environment,2 ICP–MS equipped with a hydrau-
lic high-pressure nebulizer has the required low
detection limits for the identification and quanti-
fication of traces of arsenocholine and other
arsenic compounds in terrestrial biota. Because
preliminary experiments had shown that extracts
prepared from Amanita muscaria grown on soil
with high arsenic concentrations contained a
large number of arsenic compounds, one of
which was very likely to be arsenocholine,17

further chromatographic separations were carried
out to identify as many arsenic compounds as
possible and to verify the presence of arseno-
choline.

MATERIALS AND METHODS

Instrumentation
The mushrooms and the humic soil were freeze-
dried in an Alpha 1-4 freeze-drying system
(Christ, Osterode am Harz, Germany). The
freeze-dried samples were pulverized in a Retsch
ZM 1000 mill (Retsch, Haan, Germany)
equipped with a titanium rotor and a 0.25-mm
(mushroom) or 4-mm (soil) sieve. Digestions for
total arsenic determinations were performed in
an MLS-1200 Mega microwave oven (MLS,
Leutkirch, Germany). Total arsenic was deter-
mined with a VG Plasma Quad 2 Turbo Plus
inductively coupled argon-plasma mass spec-
trometer (ICP–MS, VG Elemental, Winsford,
UK) equipped with a Meinhard concentric glass
nebulizer, type TR-30-A3.

The high-performance liquid chromatography
system consisted of a Hewlett Packard 1050
solvent delivery unit (Hewlett Packard, Wald-
bronn, Germany) and a Rheodyne 9125 six-port
injection valve (Rheodyne, Cotati, USA) with a
100-mm3 injection loop. The separations were
performed on a Hamilton (Reno, USA) PRP-1
reversed-phase column (25 cm3 4.1 mm i.d.,
10-mm styrene–divinylbenzene copolymer parti-
cles), a Supelcosil LC-SAX (Supelco,
Bellefonte, USA) anion-exchange column
(25 cm3 4.6 mm i.d., 5-mm silica-based particles
with quaternary aminopropyl exchange sites),
and a Supelcosil LC-SCX cation-exchange col-

umn (25 cm3 4.6 mm i.d., 5-mm silica-based
particles with propylsulfonic acid exchange
sites). The Supelcosil LC-SCX column was
operated at 60 8C, the other columns at room
temperature.

The outlet of the HPLC column was connected
via a 60-cm, 1

16 in (1.6 mm) PEEK (polyether-
ether-ketone) capillary tubing (0.25 mm i.d.) to a
hydraulic high-pressure nebulizer (HHPN) (Kna-
uer, Berlin, Germany). The VG Plasma Quad 2
Turbo Plus ICP–MS served as the arsenic-
specific detector. The ion intensity at m/z 75
(75As) was monitored using the ‘time-resolved’
analysis software© Version 1a (Fisons Scientific
Equipment Division, Middlesex, UK). Addition-
ally, the ion intensities at m/z 77 (40Ar37Cl, 77Se)
and m/z 82 (82Se) were monitored to detect
possible argon chloride (40Ar35Cl) interferences
on m/z 75. Prior to each HPLC–ICP–MS run the
ion intensity at m/z 87 (Rb added to the mobile
phases) was optimized at the rate meter of the
instrument. Instrumental settings used through-
out this work are summarized in Table 1. The
chromatograms were exported and the peak areas
were determined using software written in-
house. The arsenic compounds were quantified
with external calibration curves established with
each of the eight compounds. Within experi-
mental error the signals from the ICP–MS are
independent of the nature of the arsenic com-
pound (same peak area for same amount of
arsenic).22

Reagents, standards and mobile
phases
All solutions were prepared with NANOpure
(18.2 MV cm) water. Concentrated nitric acid
(Merck p.a.) was further purified in a quartz sub-
boiling distillation unit. The preparation of
standard solutions and the mobile phases for the
anion-exchange and reversed-phase separations
was described previously.17 The mobile phase for
the cation-exchange HPLC was prepared by
dissolving 1.58 g pyridine to 1000 cm3 and
adjusting the pH of this solution to 3.0 by
addition of formic acid (~98%, Fluka puriss.
p.a.). Rubidium (as RbCl in water) was added to
all mobile phases to achieve a concentration of
50 ng Rb cm23.

Calibration curves for the HPLC–ICP–MS
measurements were obtained by chromatograph-
ing aliquots (100 mm3), of solutions containing
5.00, 50.0 or 100 ng As cm23 of arsenite, arse-
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nate, methylarsonic acid, dimethylarsinic acid
and arsenobetaine on the Supelcosil LC-SAX
anion-exchange column; of arsenocholine, tetra-
methylarsonium iodide and trimethylarsine oxide
on the PRP-1 reversed-phase column; and of
arsenobetaine, arsenocholine, tetramethylarson-
ium iodide and trimethylarsine oxide on the
Supelcosil LC–SCX cation-exchange column.

Collection of Amanita muscaria

The mushroom Amanita muscaria was collected
at an old arsenic smelter site in Austria, at
Poellatal in Carinthia. The collected specimens
(ten mushrooms) were mechanically cleaned of
soil, rinsed with tap-water and frozen at 220 8C
for storage. Before analysis the mushrooms
(stems and caps) were freeze-dried for 24 h at
210 8C and for 24 h at 10 8C at 0.1 mbar. The
freeze-dried mushrooms were mixed, then pul-
verized in the mill (0.25-mm sieve), and the
composite powder (about 15 g) was stored over
silica gel in a desiccator. Additionally, humic soil

collected at the smelter site was frozen for
storage at 220 8C, freeze-dried in the same
manner as the mushrooms, and pulverized in the
mill (4-mm sieve). The powder (about 30 g) was
stored over silica gel in a desiccator.

Determination of total arsenic in
Amanita muscaria and humic soil
Aliquots of the freeze-dried mushroom powder
(~0.2 g each) and of the humic soil powder
(~0.25 g each) were weighed to 0.1 mg into
Teflon digestion vessels. Concentrated nitric acid
(3.0 cm3) and 30% hydrogen peroxide (0.20 cm3,
Merck p.a.) were added to each vessel containing
the mushroom powder, and concentrated nitric
acid (3.0 cm3), 30% hydrogen peroxide (1.0 cm3)
and 40% hydrofluoric acid (0.50 cm3, Merck
p.a.) were added to each vessel containing the
humic soil powder. The vessels were closed,
secured in the rotor and placed in the microwave
oven. Mushroom samples were digested using
the following digestion program: 2 min at

Table 1. Operating conditions for the HPLC–HHPN–ICP–MS system

Hydraulic high-pressure nebulizer (HHPN)
Desolvation

Heating 150 8C
Cooling 1.5 8C

Nebulizer gas (argon) 1.00 dm3 min21

Back-pressure ~200 bar

Inductively coupled plasma mass spectrometer (ICP–MS)
Plasma

Radio-frequency power
Forward 1.4 kW
Reflected <1 W

Argon gas flows
Cooling gas 13.5 dm3 min21

Auxiliary gas 1.1 dm3 min21

Vacuum
Expansion 1.6 mbar
Intermediate <1.031024 mbar
Analyzer 5.431026 mbar

Ion Sampling
Sample cone Nickel orifice, 1.00 mm diameter
Skimmer cone Nickel orifice, 0.75 mm diameter

Measuring parameters
Monitored signal 75As,40Ar 37Cl or 77Se, 82Se
Time/slice 0.51 s
Total analysis time Column-dependent (6–12 min)
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250 W, 30 s at 0 W, 5 min at 300 W, 30 s at 0 W,
10 min at 400 W, 30 s at 0 W, 5 min at 500 W,
4 min at 600 W. Humic soil samples were
digested using the following digestion program:
5 min at 300 W, 1 min at 0 W, 5 min at 400 W,
2 min at 0 W, 10 min at 500 W. The clear,
colorless digests of the mushroom powder were
transferred quantitatively into 50-cm3 volumetric
flasks. An aliquot (0.250 cm3) of the 10 mg Ga
cm23 solution was added to each flask. The clear,
colorless digests of the humic soil samples were
transferred quantitatively into 100-cm3 flasks,
and an aliquot (1.00 cm3) of the Ga solution was
added to each flask. The flasks were filled to the
mark. Total arsenic concentrations were deter-
mined in these solutions by ICP–MS with an
external calibration curve established with arse-
nate solutions.

Extraction of the arsenic compounds
from Amanita muscaria

Aliquots (~0.1 g each) of the freeze-dried mush-
room powders were weighed to 0.1 mg into
50-cm3 polyethylene tubes. A methanol/water
mixture (9:1 v/v, 10 cm3) was added to each tube.
The tubes were shaken for 14 h. Then the
mixtures were centrifuged at 2500 rpm and the
supernatants were transferred into round-bot-
tomed flasks. The residues in the centrifuge tubes
were washed three times with methanol/water
(9:1 v/v, 10 cm3 each), the mixtures were centri-
fuged, and the supernatants were again
transferred into the round-bottomed flasks. The
methanol was evaporated from the supernatants
on a Rotavapor (Büchi, Switzerland) at room
temperature under an aspirator vacuum. To each
of the brownish-yellow, gummy evaporation
residues water was added to a total mass of
10.0 g. The redissolved extraction residues were
centrifuged at 8000 rpm. The supernatants were
filtered through 0.2-mm cellulose nitrate filters
(Sartorius, Göttingen, Germany).

Determination of total arsenic in the
redissolved extraction residues from
Amanita muscaria

External calibration
To 3.00 cm3 of each redissolved extraction
residue in a 10-cm3 volumetric flask 0.10 cm3 of
nitric acid and 0.100 cm3 of the 10 mg Ga cm23

solution were added. The flasks were filled to the
mark. Arsenic was determined without mineral-
ization in these solutions by ICP–MS using

an external calibration curve (10.0, 50.0,
and 100 ng As cm23) established with
Na2HAsO4·7H2O.

Standard addition
To avoid matrix effects, arsenic in the redis-
solved extraction residues was also determined
by the standard addition method. To 2.00 cm3 of
each of the filtered redissolved extraction resi-
dues in a 12-cm3 polystyrene tube 2.00 cm3 of
water, 40.0 mm3 of the 10 mg Ga cm23 solution
and 0.04 cm3 of nitric acid were added. These
solutions were spiked with 10.0 mm3 or
20.0 mm3 of a 20 mg As cm23 standard solution
containing Na2HAsO4·7H2O. Arsenic in these
solutions was determined by ICP–MS without
mineralization.

Determination of arsenic compounds
in the redissolved extraction
residues
Aliquots (100 mm3) of the filtered, redissolved
extraction residues were chromatographed on the
Supelcosil LC-SAX anion-exchange, the Supel-
cosil LC-SCX, and the Hamilton PRP-1
reversed-phase column. For the separation on the
Hamilton column an aliquot (0.400 cm3) was
spiked with 10.0 mm3 of an arsenocholine bro-
mide solution containing 1.00 mg As cm23. For
the separation on the cation-exchange column
0.500-cm3 aliquots were spiked with 40.0 mm3 of
the arsenocholine bromide solution and
20.0 mm3 of a tetramethylarsonium iodide solu-
tion containing 1.00 mg As cm23. The spiked
solutions (100 mm3) were chromatographed.

RESULTS AND DISCUSSION

Total arsenic concentration in
Amanita muscaria and humic soil
On the site on which the Amanita muscaria
specimens and humic soil were collected on 8
September 1995, a facility for roasting arseno-
pyrite to arsenic trioxide had been in operation
for about 500 years. The facility was closed
approximately 100 years ago. The site is at an
altitude of 1400 m in the narrow Poellatal in
northern Carinthia, Austria. The valley is so
narrow that the creek (Lieser) and the roasting
facility (16 m3 18 m) take up all the reasonably
level ground between the steep mountain slopes,
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from which frequent rock falls bombard the site
and make the soil very rocky. The ten Amanita
muscaria specimens found not more than 30 m
from the center of the roasting facility (Fig. 1)
were freeze-dried and ground to a powder. The
homogenized powder was used in all subsequent
experiments.

The total arsenic concentration in the humic
soil sample was found to be 730±60 mg As kg21

dry mass (average of three digestions of the
humic soil powder). Therefore, the mushrooms
had grown on arsenic-rich humic soil and were
expected to have accumulated and biotrans-
formed arsenic compounds. The total arsenic
concentration in Amanita muscaria determined
by ICP–MS after mineralization was
21.9±0.9 mg As kg21 dry mass (average from
four aliquots of the composite powder). Con-
sidering the arsenic-richness of the humic soil,
Amanita muscaria is not a good arsenic accumu-
lator compared with other mushrooms such as
some Laccaria species.23 However, the arsenic
concentration in Amanita muscaria
(~22 mg kg21) was high enough to allow the
determination of the arsenic compounds by

HPLC–ICP–MS. The 100-mm3 chromato-
graphed aliquots of the solutions prepared by
extraction of ~0.1 g composite powder and
dilution of the extract to 10 cm3 contain ~20 ng
arsenic. Because 0.1 ng arsenic still produces a
quantifiable signal, sufficient arsenic is present in
the 100-mm3 aliquots to detect and quantify
arsenic compounds even when the arsenic is
distributed among several compounds.

Total arsenic in redissolved
extraction residues from Amanita
muscaria

Total arsenic concentrations in redissolved
extraction residues of Amanita muscaria were
determined without prior mineralization by ICP–
MS using external calibration curves and the
standard addition method. The concentration
of total arsenic in the mushroom
(24.7±0.3 mg As kg21, average from four re-
dissolved extraction residues) calculated from
the concentrations in the redissolved extraction
residues obtained by external calibration was
higher than the arsenic concentration

Figure 1 Location of the facility for roasting arsenic ores, where Amanita muscaria (1) and humic soil (2) were collected.
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(21.9±0.9 mg As kg21) determined directly in
the mushroom after mineralization. With the
standard addition method the arsenic concentra-
tion found was 22.0±0.8 mg As kg21 dry mass
(average from four redissolved extraction resi-
dues). Therefore, the methanol/water (9:1)
mixture extracts all the arsenic from the mush-
room during the 14-h agitation period.

The high concentration of arsenic found with
the external calibration can be attributed to the
influence of organic compounds on the arsenic
signal. For instance, addition of 5% methanol to
an arsenic-containing solution can increase the
arsenic signal by a factor of two.24 The ICP–MS
signal for elements with first ionization energies
between 9 and 11 eV (arsenic 9.81 eV) are
enhanced when organic compounds are present
in the solution.25 When the arsenic compounds
are extracted from the mushrooms, organic
compounds are co-extracted which supply suf-
ficient carbon to cause erroneously high
concentrations for arsenic.

Chromatographic separation of
arsenic compounds
Ideally, the most common arsenic compounds in
biological samples (arsenite, arsenate, methyl-
arsonic acid, dimethylarsinic acid, trimethyl-
arsine oxide, arsenocholine, arsenobetaine, tetra-
methylarsonium ion) should be separable on one
column within a reasonably short time in a
manner that allows each compound to be quan-
tified. Although several types of columns and
mobile phases were investigated,6,8,9,11,12,14 the
ideal system has not been found yet.

The chromatograms of mixtures of the eight
arsenic compounds (Fig. 2) reveal that arseno-
choline and tetramethylarsonium iodide leave the
anion-exchange column not baseline-separated
and almost with the solvent front. Employing
this separation the signal of arsenocholine is a
double peak with a characteristic shape.26 The
first signal (~120 s) is higher and very sharp,
whereas the second signal (~130 s) is small and
broad. The tetramethylarsonium ion co-elutes
with the second signal of arsenocholine. Arseno-
betaine and trimethylarsine oxide also have the
same retention time.

On the cation-exchange column the signals for
arsenite and methylarsonic acid overlap. On the
reversed-phase column the arsenite signal
merges with the signal for methylarsonic acid,
and the arsenobetaine signal merges with the

signal for dimethylarsinic acid. However, chro-
matography on all three columns of a solution in
which all eight arsenic compounds are present
will provide the desired quantitative information.
When only the eight standard arsenic compounds
are present, quantifications are best performed as
specified in Table 2.

When compounds with neighboring signals
are present in vastly different amounts, quanti-
fications could become impossible without
deconvolution of signals. Under these conditions
the signals for the compounds present in small
amounts could merge with the signal for the
major compound. Fortunately, the signal for
arsenocholine, the most interesting arsenic com-
pound in the context of this investigation, is
separated from the other seven arsenic com-
pounds in the chromatograms obtained with all
three columns (Fig. 2). Quantification can be
hindered by signals from arsenic compounds that
are not included in the standard mixture (Fig.
3).

A rationale for the retention behavior of the
inorganic and organic arsenic compounds on the
Hamilton PRP-1 reversed-phase column and the
Supelcosil LC-SAX anion-exchange column was
presented in an earlier publication.17 On the
Supelcosil LC-SCX column, arsenate elutes
almost at the solvent front because at pH 3, the
pH of the mobile phase, arsenate carries an
apparent charge of 0.752 (75% H2AsO2

4 , 25%
H3AsO4) and is not slowed by the negatively
charged sulfonate groups on the resin during the
passage through the column. Arsenite (arsenous
acid) and dimethylarsinic acid are uncharged.
Ion-exchange processes cannot be responsible
for the — albeit weak — retention of these
compounds. Because the retention time of di-
methylarsinic acid, a compound more hydro-
phobic than arsenous acid, is longer than the
retention time of arsenous acid, hydrophobic
interactions with the stationary phase are the
likely reason for the observed elution sequence.
At pH 3 about 80% of methylarsonic acid is
uncharged and 20% is negatively charged (appar-
ent charge 0.22 ). The low apparent negative
charge, that would favor elution before the
uncharged H3AsO3, and the hydrophobic charac-
ter of the methyl group, that increases the
likelihood of retention, combine to give methyl-
arsonic acid a retention time slightly longer than
H3AsO3 but shorter than dimethylarsinic acid.
The signals for H3AsO3 and methylarsonic acid
are not baseline-separated and, therefore, can be
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Figure 2 (a) Chromatogram obtained with a solution containing arsenate [As(V)], arsenite [As(III)], methyl-
arsonic acid (MA), dimethylarsinic acid (DMA), arsenobetaine (AB) and arsenocholine (AC) (0.5 ng As each species) in
distilled water on a Supelcosil LC-SAX anion-exchange column (mobile phase 30 mM NH4H2PO4 with 1% methanol at
pH 3.75, injection volume 100 mm3, flow rate 1.5 cm3 min21). Tetramethylarsonium ion (TETRA) and trimethylarsine oxide
(TMAO) would appear at the marked retention times. (b) Chromatogram obtained with a solution containing arsenate,
arsenite, methylarsonic acid, dimethylarsinic acid, arsenobetaine, trimethylarsine oxide, arsenocholine and tetra-
methylarsonium iodide (0.5 ng As each species) in distilled water on a Supelcosil LC-SCX cation-exchange column (mobile
phase 20 mM pyridine at pH 3.0, injection volume 100 mm3, flow rate 1.5 cm3 min21). (c) Chromatogram obtained with a
solution containing arsenate, arsenite, methylarsonic acid, dimethylarsinic acid, arsenobetaine, trimethylarsine oxide,
arsenocholine and tetramethylarsonium iodide (0.5 ng As each species) in distilled water on a Hamilton PRP-1 reversed-
phase column (mobile phase 10 mM 2-hydroxy-5-sulfobenzoic acid at pH 3.5, injection volume 100 mm3, flow rate
1.5 cm3min21).
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used for the qualitative identification but not for
the quantification of the two compounds. Among
the remaining arsenic compounds arsenobetaine
(80% cationic, 20% zwitterionic) and trimethyl-
arsine oxide (pKa =3.6, 70% cationic, 30%
uncharged) have at pH 3 an apparent positive
charge of 0.8+ and 0.7+, respectively, and
arsenocholine and tetramethylarsonium iodide
carry a charge of 1+ irrespective of pH. The
completely cationic species, therefore, have a
longer retention time than the partially cationic
arsenobetaine and trimethylarsine oxide. The
retention sequence AB<TMAO<AC<TETRA
is largely determined by the hydrophobicity,
which increases from arsenobetaine to the tetra-
methylarsonium cation. The first three
compounds all have three methyl groups. The
fourth group bonded to arsenic (CH2COOH in
arsenobetaine, OH in TMAsOH+ X2 ,
CH2CH2OH in AC) increases in hydrophobicity,
favors interactions with the hydrophobic back-
bone of the resin and leads to the observed
retention behavior.

Arsenic compounds in Amanita
muscaria

The chromatograms (Fig. 3) obtained with anion-
exchange, cation-exchange and reversed-phase
columns reveal that Amanita muscaria contains
arsenite, arsenate, dimethylarsinic acid, arseno-
choline, the tetramethylarsonium cation and
arsenobetaine. Several signals (Fig. 3b) that
could not be matched with signals of available
standards indicate the presence of at least eight
additional arsenic compounds. Methylarsonic
acid and trimethylarsine oxide were not
detected.

Chromatography of the redissolved extraction
residues on the anion-exchange column pro-
duced a very sharp signal almost coincident with
the solvent front (Fig. 3a). The shape of this
signal is typical of arsenocholine.26 Because only
ten Amanita muscaria specimens (total mass of
dry mushroom powder: 15 g) were found at the

site and the mushrooms did not contain more
than approximately 8 mg arsenocholine per kg
dry mass, the isolation of arsenocholine was not
feasible. Therefore, arsenocholine was separated
from the other arsenic compounds on a cation-
exchange column with 20 mM aqueous pyridine
at pH 3.0 as mobile phase and on a reversed-
phase column with an aqueous 10 mM solution of
2-hydroxy-5-sulfobenzoic acid (the ion-pairing
reagent) at pH 3.5 as mobile phase. The strong
signal in the cation-exchange chromatogram at a
retention time of 500 s (Fig. 3b) and the signal in
the reversed-phase chromatogram at 180 s (Fig.
3c) are in good agreement with signals obtained
with synthetic arsenocholine bromide (Fig. 2).

The redissolved extraction residue was spiked
with arsenocholine bromide. Cation-exchange
and reversed-phase chromatography of the
spiked solutions gave chromatograms (Figs. 3c,
4), in which the signals for arsenocholine were
more intense than in the chromatograms of the
unspiked solutions. A tetramethylarsonium
iodide spike identified the signal at 600 s in the
cation-exchange chromatogram (Fig. 4) as being
caused by the tetramethylarsonium ion.

Although coincidence of chromatographic sig-
nals for an unknown arsenic compound with a
synthetic standard does not unequivocally prove
the identity of the two compounds, coincidences
observed under two different separation modes
with chemically unalike mobile phases increase
the certainty of the identification. Because the
signals assigned to arsenocholine in the cation-
exchange and the reversed-phase chromatograms
coincide with signals from arsenocholine bro-
mide as standard and as spike, the presence of
arsenocholine in Amanita muscaria can be
considered to be confirmed.

The place of arsenocholine (I) in the marine
arsenic cycle is uncertain. Experiments with
algae27–29 suggest that arsenocholine is a compo-
nent of arsenic-containing phospholipids (II).
Phosphatidylarsenocholine and a phosphatidyldi-
methylarsinylriboside were detected in the
digestive gland of the western rock lobster,
Panulirus cygnus.3 Some of the unassigned

Table 2. Protocol for quantification of eight standard arsenic compounds

Chromatography Compounds that can be quantified

Anion-exchange As(III) DMA MA As(V)
Cation-exchange DMA As(V) AB TMAO AC TETRA
Reversed-phase As(V) TMAO AC TETRA
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signals in the chromatogram of the arsenic
compounds extracted from Amanita muscaria
(Fig. 4) could come from these arsenolecithins
(II). Unfortunately, synthetic standards for such

lipids are not available. Only an arsenic-contain-
ing phosphonolipid (with a direct P–C bond
between the P and the CH2 of arsenocholine in II
instead of a P–O–CH2 bond)30 and glycer-

Figure 3 (a) Chromatogram obtained with a redissolved extraction residue of Amanita muscaria on a Supelcosil LC-SAX
anion-exchange column (mobile phase 30 mM NH4H2PO4 with 1% methanol at pH 3.75, injection volume 100 mm3, flow rate
1.5 cm3 min21). (b) Chromatogram obtained with a redissolved extraction residue of Amanita muscaria on a Supelcosil LC-
SCX cation-exchange column (mobile phase 20 mM pyridine at pH 3.0, injection volume 100 mm3, flow rate 1.5 cm3min 21).
(c) Chromatogram obtained with a redissolved extraction residue of Amanita muscaria on a Hamilton PRP-1 reversed-phase
column (mobile phase 10 mM 2-hydroxy-5-sulfobenzoic acid at pH 3.5, injection volume 100 mm3, flow rate 1.5 cm3 min21).
. . . . , Same redissolved extraction residue (100 mm3) spiked with 2.4 ng As in the form of arsenocholine bromide.
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ylphosphorylarsenocholine31 (II, Y=Y9=OH)
have been prepared.
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+

s—CH2—CH2—OHG X2
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CH2—Y
|
CH—Y9
| O

CH2—O—P
||

|
—O—CH2—CH2—A

+

s(CH3)3

O2

II
Y, Y9=OH and/or RC(O)O

Quantification of arsenic compounds
The chromatograms (Fig. 3) reveal that arsenite,
arsenate, dimethylarsinic acid and the tetra-
methylarsonium cation each account for not
more than 2% of the total arsenic in Amanita
muscaria. Arsenocholine and arsenobetaine
appear to be present at approximately equal

concentrations (~3 mg As kg21, ~15% each of
the total arsenic). The remaining 60% of the
arsenic is contained in a series of unidentified
arsenic compounds that are responsible for the
signals marked with question marks in Fig. 4.
Signals from unidentified arsenic compounds
contribute to the intensity of the signals from
arsenocholine and arsenobetaine in the anion-
exchange chromatogram (Fig. 3a), to the
arsenobetaine signal in the cation-exchange
chromatogram (Fig. 3b) and in the reversed-
phase chromatogram (Fig. 3c), and thus
complicate the quantification of these com-
pounds.

The quantification of arsenite, arsenate, di-
methylarsinic acid and the tetramethylarsonium
cation poses no difficulties, because the signals
of these compounds are not overlapped by any
other signal in at least one of the chromatograms.
The concentrations of these compounds in the
dry mushroom are approximately
0.4 mg As kg21 (Table 3).

The arsenocholine signal appears to be undis-
turbed in the cation-exchange (Fig. 3b) and in the
reversed-phase chromatograms (Fig. 3c). Based
on a calibration curve with arsenocholine bro-
mide, the concentration of arsenocholine in
Amanita muscaria is approximately
2.7 mg As kg21 (Table 3). The signal for
‘arsenocholine’ in the anion-exchange chromato-
gram (Fig. 3a) produces a concentration of
6.2 mg As kg21. Because the tetramethylarson-
ium ion, the signal of which overlaps with the
arsenocholine signal, contributes only
~0.4 mg As kg21, approximately 3 mg As kg21

must have come from an unidentified arsenic
compound.

In none of the chromatograms is the signal for
arsenobetaine undisturbed. In the anion-
exchange chromatogram (Fig. 3a) a shoulder is
clearly discernible on the low-retention-time side
of the arsenobetaine signal. The corresponding
signal in the cation-exchange chromatogram
(Fig. 3b) has two badly resolved maxima. In the
reversed-phase chromatogram (Fig. 3c) the sig-
nal for dimethylarsinic acid (~0.4 mg As kg21),
overlapping with the arsenobetaine signal, can-
not be responsible for the high intensity
(~8.5 mg As kg21) of the combined signal. Un-
identified arsenic compounds must also contrib-
ute. When the arsenobetaine signal in the
cation-exchange chromatogram is deconvoluted,
a concentration of arsenobetaine of approx-
imately 3.3 mg As kg21 is obtained.

Figure 4 ——, Chromatogram obtained with a redis-
solved extraction residue of Amanita muscaria on a
Supelcosil LC-SCX cation-exchange column (mobile phase
20 mM pyridine at pH 3.0, injection volume 100 mm3, flow
rate 1.5 cm3 min21). – – – , Same redissolved extraction
residue (100 mm3) spiked with 7.1 ng As in the form of
arsenocholine bromide and 3.6 ng As in the form of
tetramethylarsonium iodide.
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When the total arsenic concentrations are
calculated as the sum of the concentrations of the
arsenic species in the three chromatograms, only
the sum from the anion-exchange chromatogram
(~22 mg kg21) agrees with the total concentra-
tion of arsenic determined after mineralization of
the mushroom powder. Consequently, the arsenic
bound in the unknown compounds must contrib-
ute to, and be represented by, the signals for
‘arsenocholine’ and ‘arsenobetaine’ (Fig. 3a).
The sums from the cation-exchange
(~16 mg As kg21) and the reversed-phase
(~14 mg As kg21) chromatograms, (Table 3;
Figs 3b, 3c) are significantly smaller than the
total of 22 mg kg21.

A likely explanation for this observation is the
complete retention of some of the unidentified
arsenic compounds on the cation-exchange and
on the reversed-phase columns, with perhaps a
slow bleeding of the arsenic compounds from the
columns, that would produce very low-intensity,
very broad signals merging with the back-
ground.

The chromatograms allow general properties
of the unidentified arsenic compounds to be
deduced. On the anion-exchange column approx-
imately 3 mg As kg21 elutes with arsenocholine,
almost with the solvent front. Consequently, the
arsenic compound(s) must be cationic at the pH
(3.75) of the mobile phase or neutral (and not too
lipophilic). Most of the arsenic (~12 mg kg21) in
the unidentified compound(s) appears with
arsenobetaine and thus should have cationic/
zwitterionic character with some lipophilicity.
The appearance of several signals in the cation-
exchange chromatogram with retention times
longer than that for arsenobetaine (Fig. 3b)
suggests a positive charge for these compounds,
and lipophilic properties.

Among the arsenic compounds likely to be
present in biota, arsenic-containing sugars (di-
methylribosylarsine oxides) and arsenic-contain-
ing, fully acylated or partially hydrolyzed
phospholipids (II) could be present in Amanita
muscaria and responsible for the unassigned
signals in the chromatograms. Trialkylarsine

Table 3. Concentrations of arsenic compounds in Amanita
muscaria determined by HPLC–HHPN–ICP–MS using
anion-exchange, cation-exchange and reversed-phase sepa-
rations

Concentration (mg As kg21 dry mass)

Arsenic compound LC-SAXa LC-SCXb RPa

As(III) 0.3, 0.4
As(III)+DMA+? 2.0±0.3
As(III)+? 1.4, 1.6
As(V) 0.2, 0.3 0.4±0.2 0.2, 0.2
DMA 0.4, 0.7
DMA+As(III)+? 2.0±0.3
DMA+AB+? 8.1, 8.9
AB 3.3±0.4c

AB+? 14.0, 16.0 6.1±0.6
AB+DMA+? 8.1, 8.9
AC 2.7±0.3 2.5, 2.7
AC+TETRA+? 6.1, 6.2
TETRA 0.5±0.04 0.8, 0.7
TETRA+AC+? 6.1, 6.2
Unknown? 7.6±0.8 0.4, 0.4
Sum 21.0, 23.6 16.4±1.9 13.4, 14.5
a Separate determinations using two aliquots of the mush-
room powder.
b Average±SD from six aliquots of the mushroom powder.
c Arsenobetaine concentration after deconvolution from
unknown signal.
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oxides are known to be cations in an acidic
medium and the phospholipids can be zwitter-
ionic or cationic. Both types of compounds can
vary in hydrophilicity/lipophilicity, depending on
the nature of their substituents. Lack of easily
accessible standards (particularly for arsenic-
containing lipids) prevents the identification of
the unknown arsenic compounds in Amanita
muscaria.

CONCLUSION

Arsenocholine has been identified for the first
time in a terrestrial sample, in the mushroom
Amanita muscaria. In addition to arsenocholine,
arsenobetaine, tetramethylarsonium cation,
dimethylarsinic acid, arsenate and arsenite were
also present. Because isolation of arsenocholine
from the available, limited mass of mushroom
was not possible, the presence of arsenocholine
was ascertained by anion-exchange, cation-
exchange and reversed-phase chromatography
with three different mobile phases, and by
chromatography of spiked extracts.
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