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The uptake and fate of the tetramethylarsonium
ion was examined in the common shrimp
Crangon crangon. Shrimps were fed 10 mg of
food (corresponding to �2% of body weight)
containing 29, 71, 268 or 580mg As gÿ1 wet
weight in the form of tetramethylarsonium ion
daily for 19 days. Two days after the last meal
the shrimps were sampled and frozen until
dissection. The shrimps were dissected into tail
muscle, midgut gland, gills and the remaining
tissues (‘remainder’), and their total arsenic
concentrations were measured by hydride gen-
eration–atomic absorption spectrometry (AAS).
The arsenic concentration of all four tissues
increased with increasing arsenic concentration
in the food. The retention efficiency of arsenic in
the muscle and ‘remainder’ tissue was related to
the arsenic concentration of the food. The
retention efficiency on a whole-animal basis
ranged from 29 to 88%, with the highest
retention efficiency found at the lowest arsenic
concentration of the food. The chemical form of
the retained arsenic species was shown to be
unchanged tetramethylarsonium ion by co-
chromatography with standard material using
high-performance liquid chromatography
(HPLC) with off-line detection by graphite
furnace–AAS. Copyright # 1999 John Wiley
& Sons, Ltd.
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INTRODUCTION

High concentrations of arsenic in marine organisms
were first reported almost 100 years ago. Because
seafood contributed significantly to the human diet,
there were early concerns regarding the possible
toxicity of the arsenic. These concerns were allayed
with the identification of arsenobetaine, a harmless
organoarsenic compound, as the major chemical
form of arsenic in marine animals.1 Subsequent
work demonstrated a range of organoarsenic
compounds in marine algae and marine animals,
and, although full toxicological data are not
available for many of them, the compounds are
generally regarded as being non-toxic.2

Recent interest in these arsenic compounds has
focused on their origin in marine animals. Besides
arsenobetaine, and possibly arsenosugars in some
filter-feeding organisms, the most common form of
arsenic in marine animals is the tetramethylarso-
nium ion. This compound was first reported in the
clamMeretrix lusoria, where it occurred at particu-
larly high concentrations in the gills.3 Subsequent
work revealed that the tetramethylarsonium ion was
common in molluscs, where it often occurred as a
significant arsenic-containing constituent.4 The
application of improved analytical techniques for
determining arsenic species has revealed the pre-
sence of tetramethylarsonium ion in crustaceans5,6

and fish7,8 in addition to other molluscan species.9

The origin of the tetramethylarsonium ion in
marine animals is not known. The tetramethylarso-
nium ion has not, so far, been reported in algae,
seawater or sediments. The fact that it was present at
significant levels in filter-feeding molluscs initially
suggested that it might be selectively accumulated
from low, undetectable levels in algae or seawater.
This hypothesis was supported by a laboratory
study10 on the uptake of nine arsenic compounds
by the musselMytilus edulis. Most of the compounds
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tested,includingthosepresentasnaturalconstituents
of seawater(arsenate,arsenite,dimethylarsinateand
methylarsonate),werenot accumulated.Arsenobe-
taineand,toalesserextent,tetramethylarsoniumion
werereadilyaccumulatedfrom theseawaterby the
mussels.Furthermore,theaccumulationof arseno-
betaineandtetramethylarsoniumion approximated
to the relative concentrationsof thesetwo arsenic
speciesfound in natural populationsof molluscs.
Theseresultsprovided an explanation,in part at
least, for the observed distribution of arsenic
compoundsin marinemolluscs.

The experimentswith Mytilus provide the only
dataso far on the bioaccumulationof tetramethyl-
arsoniumion by a marineanimal.That studywas
limited to uptake from water. The investigation
reportedhereextendsthat work by examiningthe
uptakeof tetramethylarsoniumion from foodby the
shrimpCrangoncrangon. Theadvantagesof using
C. crangonin suchexperimentshavebeenreported
previously.6

MATERIALS AND METHODS

Collection and maintenance

Common shrimp, C. crangon, were caught at
Kerteminde(Denmark)in October1997 and kept
at constanttemperature(14.1� 0.1°C) with a 12h
light–dark cycle. Shrimps of 37–50mm body
length (measuredfrom the tip of the rostrum to
the tip of the telson)wereusedin the experiment.
The shrimpswereheld individually in polypropy-
lene beakers (1 dm3) containing approximately
700cm3 of seawater.The seawaterwas gently
aerated and changed daily. The shrimps were
allowed to acclimatize to laboratory conditions
for sevendaysandwerenot fed duringthis period.

Experimental design

Six groupsof C. crangon(10 individuals in each)
were daily fed chickenmeatcontainingeither no
added arsenic or arsenic added in the form of
tetramethylarsoniumion (as the iodide salt) or
arsenobetaine.Thefood waspreparedasdescribed
by Hunteret al..6 The arsenicconcentrationof the
food wasmeasuredin five samplesfrom eachfood
batch by hydride generation–AAS,as described
below for the tissues. Arsenic concentrations
(mean� SD) of the food batcheswere 29� 1.2,
71� 3.7, 268� 7.4 and 580� 17�g As gÿ1 wet

weight for tetramethylarsoniumion, 188� 15
�g As gÿ1 wet weight for arsenobetaineand0.2�
0.1�g As gÿ1 wetweightfor thecontrolgroup.The
accumulationefficiency of arsenobetainehaspre-
viously beendetermined,6 and shrimpsreceiving
arsenobetainein the present study served as a
positive control group. The shrimps were fed
10mg food, correspondingto �2% of the body
weight, daily for 19 days.Food not takenby the
shrimpwasremovedfrom thecontainerafter2 min,
frozenandofferedagainnextday,in additionto the
regular food. The water was changeddaily 1–2h
afterfeeding;thesalinityrangedfrom22.2to25.4%.

Sampling and dissection

Shrimpsweresampled48h aftertheir lastmealand
storedatÿ80°Cuntil dissection.Thelength,weight
and sex of each individual were recorded.The
shrimpswerecarefullydissectedinto muscletissue,
gills and midgut gland. The remaining tissues,
includingappendagesandexoskeleton,werepooled
as ‘remainder’ tissue. All tissues were frozen,
freeze-driedandstoredin adesiccatoruntil analysis.

Total arsenic analysis

Arsenicconcentrationsweredeterminedin indivi-
dualsamplesof muscleand‘remainder’tissue,and
in pooled samplesof midgut gland and gills for
eachtreatmentgroup.Thefreeze-driedtissueswere
groundto a powderanda portion wasdigestedby
dry-ashing using a modification of the method
describedby Penroseet al..11 Tissuesamplesof
approx. 10mg (weighed to� 0.01mg) were
weighedinto cruciblesand1.00cm3 of slurry was
added.The slurry waspreparedby adding30g of
magnesiumnitrate to 500cm3 of stirred milli-Q
water,followed by 50g of magnesiumoxide. The
samplesweredriedovernightat80°C anddigested
in amufflefurnaceby heatingthesamplesfor 1 h at
200°C,1 h at300°C then8 h at500°C.Thecooled
samplesweredissolvedby adding2.50cm3 of 6 M
HCl followed by 2.50cm3 of milli-Q water.Total
arsenicwasmeasuredby hydridegeneration–AAS
using a Perkin-Elmer MHS-20 mercury/hydride
system coupled to a Perkin-Elmer 2380 AAS.
Portions (10mg) of standardreferencematerial
DORM-1 (certified arsenicconcentration:17.7�
2.1�g As gÿ1) wereanalysedin triplicate together
with eachof six setsof samples.For five of thesix
sets, the arsenic concentrations obtained for
DORM-1werewithin theacceptablerange(overall
mean� SD was17.5� 0.9�g As gÿ1, n = 15). For
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onesetof samples,however,theDORM-1 arsenic
valueswerelow (12.1� 0.5�g As gÿ1, n = 3). This
set of samplesconsistedof the pooledgill tissues
from all thetreatmentgroups(therewasinsufficient
material to repeattheseanalyses).Basedon the
DORM-1 results, the arsenic concentrationsob-
tainedfor thegill samplesareall likely to belower
thantheir truevalues.Thus,comparisonof arsenic
concentrationsbetweengill sampleswasvalid, but
comparisonof gill tissuewith othertissuesfrom C.
crangoncouldonly bequalitative.

Analysis of arsenic species

Arsenicspeciesweredeterminedin themuscletissue
and ‘remainder’ tissue of C. crangon fed food
containing580�g As gÿ1 wetweightastetramethy-
larsonium ion or 188�g As gÿ1 wet weight as
arsenobetaine.Eachof thesefour tissueswastreated
asfollows;Driedtissue(5.0mg)fromeachof the10
individuals in eachgroupwaspooledanda 30mg
portionwasextractedwith 3.00cm3of milli-Q water
and sonicated for 2� 30s. The solution was
centrifugedfor 10min at 50000g and the super-
natantcollected.The pellet was re-extractedwith
2.00cm3 waterandcentrifugedasbefore.The two
supernatantswerepooledanda1.00cm3portionwas
analysedfor totalarsenic.Thepelletwasdriedunder
reducedpressureat30°Cin acentrifugallyophilizer
and analysed for total arsenic. The remaining
supernatantwas similarly dried and the resultant
residuestoredin adesiccatoruntil analysisof arsenic
species.

The dried extractswereredissolvedin 1.00cm3

milli-Q water and an aliquot of the result-
ant solution was diluted in milli-Q water to ob-
tain an arsenic concentrationof approximately
0.5�g As gÿ1. This solution was filtered (0.2�m)
to removethe small amountof insolublematerial.
The arseniccompoundsin the tissueextractswere
identified by comparing their HPLC retention
volumes with those from a mixture of stan-
dard compounds each at a concentration of
1�g As cmÿ3 (dimethylarsinate,arsenobetaine,tri-
methylarsineoxide,arsenocholineandtetramethy-
larsoniumion)).Thedilutedextractsor thestandard
solution (100�l portions) were injected into the
high-performanceliquid chromabography(HPLC)
system, which consisted of a Jasco PU-980
intelligent HPLC-pump coupled to a JascoDG-
980-50 degasserand a Rheodyne9125 syringe-
loading sample injector with a 500�l injection
loop.TheseparationsweremadeonanIonosphere-
C cation-exchangecolumn (Chrompack) eluted

with 5 mM pyridinium ion and3% (v/v) methanol
in waterat pH 2.7.The flow rateof the pumpwas
0.4cm3 minÿ1 and fractions of 0.2cm3 were
collected in a fraction collector. The arsenic
concentrationsof the fractions were determined
off-line on a Perkin-Elmer Zeeman/3030AAS
graphitefurnace.

Data handling and statistics

Arsenic concentrations in muscle tissue and
‘remainder’ tissue were log-transformedand the
arsenicconcentrationsof thetreatmentgroupswere
comparedwith the arsenic concentrationof the
control groupby one-wayANOVA followed by a
Tukey test. The percentageof the dosethat was
retainedin the tissues(retention efficiency) was
definedby Eq. [1],

Retentionefficiency� 100� (quantityof arsenic
retained)/quantityof arsenicconsumed �1�
where

Quantityof arsenicretained� ([As] in treatment
tissue)ÿ ([As] in control tissue)� weight of
treatmenttissue

RESULTS

Crangoncrangonshowedno signsof toxicity (e.g.
inactivity, reduced escaperesponseor ‘loss of
appetite’)duringtheexperiment.Two animalsdied
in the experiment,onein the groupreceivingfood
containing29�g As gÿ1 andtheotherin thegroup
receivingfood containing580�g As gÿ1. Thedead
animalswereomittedfrom thestudy.

Total arsenic concentration in the
shrimp

The shrimpsreceiving arsenobetaineservedas a
positivecontrol in theexperiments,andtheuptake
and distribution of this compound (midgut>
muscle� ‘remainder’, ca 2.5:1:1; see Table 1)
agreedwell with thedatapreviouslyreportedfor C.
crangon.6

For shrimpfed tetramethylarsoniumion, arsenic
concentrationsin muscletissue,‘remainder’tissue,
midgutgland(andgills) showedthesamepatternof
increasing tissue concentration with increasing
arsenicconcentrationin the food (Table 1). The
distribution of arsenic was different from that
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observedfor arsenobetaine-fedshrimp.Thehighest
arsenicconcentrationswerefoundin themuscleof
tetramethylarsonium-fedshrimp. The distribution
of arsenicwithin the shrimpappearedto be dose-
relatedwith the ratio of muscle[As]: midgut [As]
increasingat higherdoses.

Arsenic concentrationsin the tail and ‘remain-
der’ tissueof all groupswere significantly higher
than in the control group (P< 0.001) and the
arsenicconcentrationswere significantly different
betweenall treatmentgroups (P< 0.001) except
for theanimalsfed 29 and71�g As gÿ1.

Theretentionefficiencyfor tetramethylarsonium
in both muscle and ‘remainder’ tissue showed
essentiallythe samerelationshipto the dose(Fig.
1).

Retentionefficiencieson thewhole-animalbasis
(Table 2) show that retention increaseswith
decreasingconcentrationof tetramethylarsonium
ion in the food. The contributionof the gill to the
total retentionis includedin thecalculatedretention
values;this contributionwaslow (<2%) dueto the
gills’ smallsizeandthusthelikely underestimateof
the gill arsenicconcentrations(seeexperimental)
would not significantlyaffect thesevalues.

Arsenic speciation

Themethodusedfor extractingthearsenicfrom the
tissueswasvery efficient,extractingabout97%of
thearsenicin themuscletissueandmorethan99%
of thearsenicin the‘remainder’tissue.Thearsenic
specieswere separatedon HPLC using cation-
exchangeconditions,andidentifiedby comparison
of their retentionvolumeswith thoseof standard
compounds(Fig. 2). In thestandardchromatogram
tetramethylarsoniumion elutes at 5.7cm3 and
arsenobetaine,the arsenicspeciespredominantin
natural C. crangon, elutes at 3.0cm3. HPLC of
extractsfrom shrimp fed arsenobetaine(data not
shown) demonstratedthat they accumulatedthis
form of arsenicunchanged,a resultconsistentwith
the earlierstudywith C. crangon.6 The chromato-
gramsof extractsof the muscleand ‘remainder’
tissue from the tetramethylarsonium-fed shrimp
both showeda single peak eluting at 5.6cm3. A
portion of the extractof ‘remainder’ tissuespiked
with tetramethylarsoniumion standard resulted
again in a single peakat 5.6cm3, confirming the
identity of thepeak(Fig. 2). No arsenobetainepeak
is seenin the chromatogramsof the animalsbeing
fedtetramethylarsoniumion becausedilution of the
sample before HPLC analysis decreased the

Table 1 Arsenicconcentrations(�g As gÿ1 dry wt� SD) in four tissuesof C. crangon.

Arseniccompoundfeda Muscletissue ‘Rest’ tissue Midgut gland Gills

Control 8.5� 2.2 6.0� 1.5 13 13
AB (188) 187� 35 167� 36 478 364
Tetra(29) 62� 11 31� 6.5 58 58
Tetra(71) 85� 16 39� 8.4 58 66
Tetra(268) 223� 72 91� 29 140 119
Tetra(580) 422� 137 147� 39 242 225

a AB, arsenobetaine;Tetra,tetramethylarsoniumion. Theweightsof arsenicfed (�g As gÿ1 wet wt) aregiven in parentheses.

Figure 1 Retentionefficiency (mean� SEM, n = 10) of ar-
senicin the muscletissueand ‘rest’ tissueof C. crangonfed
food(�10mgdÿ1) with anarsenicconcentrationof 29,71,268
or 580�g As gÿ1 (wet wt) as tetramethylarsoniumion for 19
days. Retention efficiencies significantly different from the
retentionefficiencyof shrimpfed 29�g As gÿ1 aremarked‘a’
(P< 0.001), while those differing from 71�g As gÿ1 are
marked‘b’ (P< 0.05).
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arsenobetaineconcentrationto a level below the
detectionlimit.

DISCUSSION

Tetramethylarsonium ion is a commonconstituent
of marine animals, having been reportedin mol-
luscs,9 crustaceans,6 fish,7 echinoderms12 and coe-
lenterates.13 It is a significantconstituent of bivalve
molluscs,particularly in thegills, whereit canbethe
major arsenic compound.3 Uptake studies with
musselsshowedthat the tetramethylarsoniumion
wasaccumulatedmorereadily,with theexceptionof
arsenobetaine, than any of the other naturally
occurringarsenicspecies. Theseresultswere con-
sistentwith the observeddistributionof the various
arsenic compoundsin molluscs. In most marine
animals,however,tetramethylarsoniumis a minor
arsenicconstituent, which suggestseither that it is
presentat only trace levels in the environment,or
that uptake from food is low. The high retention
efficiency of the tetramethylarsonium ion in C.
crangon is interesting. Wild C. crangon contain
>90% of their total arsenicas arsenobetaine, and
tetramethylarsoniumion constitutesonly about1%
of the total.6 Yet, when exposed to the two
compounds in their food, C. crangon accumulate
both of them with comparable efficiency. The
efficiency with which C. crangon accumulatethe
tetramethylarsonium ion suggeststhat little tetra-
methylarsonium ion is presentin thenaturalpreyof
C. crangon, otherwiseit might beexpectedto make
a greatercontribution in wild C. crangon. Higher
concentrations of tetramethylarsonium ion in clams
comparedwith thelevelsin C.crangonis unlikely to
beexplained by differencesin retentionefficiencies

or metabolism,becauseC. crangon shows very
efficient retentionand negligible transformationof
tetramethylarsoniumion. Possibly,theclamsextract
the tetramethylarsoniumion from the largevolume
of seawaterthey passover their gills. Although the
tetramethylarsoniumion hasnotyetbeendetectedin
seawater,it maybepresentat low levels,astheusual
method for determiningarsenicspeciesin seawater
(formation of volatile hydrides)is not suitablefor
that compound.

The within-animal distribution of arsenicwas
different for shrimp fed the tetramethylarsonium
ion compared with both the arsenobetaine-fed
group and wild C. crangon (Table 1). For C.
crangon fed arsenobetaine,the arsenicconcentra-
tionsin themidgutglandwere2.5-foldhigherthan
thosein the muscle.For Crangonfed tetramethyl-
arsonium ion, the arsenic concentrationsin the
midgut glandwerealwayslower thanthosein the
muscle. The distribution pattern appearedto be
dependenton the concentration,with the relative
differenceincreasingat higherdose.

HPLCanalysisof extractsfrom theshrimptissue
indicated that the tetramethylarsoniumion was
accumulatedunchanged.The methodof detection
employedin this study(off-line graphitefurnace–
AAS) was not sufficiently sensitiveto detectany
minor metabolitesthat might have been formed.
We estimatea detectionlimit of about5% of the
total arsenicin the extract. In the previousstudy
with C. crangon, theingestedtrimethylarsineoxide
was readily demethylatedto dimethylarsinate,but
we detectedno evidenceof sucha demethylation
pathway for tetramethylarsoniumion. Possible
transformation of tetramethylarsoniumion into
arsenobetaineby direct addition of CO2 hasbeen
discussedbriefly.14 We could seeno indicationof
sucha changein our experiments.

Table 2 Retentionefficiency of arsenicin the individual tissuesof C. crangonfed tetramethylarsoniumion or
arsenobetainefor 19 daysa

Tissue
29�g As gÿ1

asTetra
71�g As gÿ1

asTetra
268�g As gÿ1

asTetra
580�g As gÿ1

asTetra
188�g As gÿ1

asAB

Tail muscle 53.8(59.0) 28.6(62.8) 22.9(65.6) 19.5(66.5) 25.5(44.0)
Gills 0.9 (1.1) 0.4 (1.0) 0.4 (1.3) 0.2 (0.6) 1.0 (1.7)
Midgut gland 1.6 (1.9) 0.6 (1.5) 0.5 (1.5) 0.3 (1.1) 2.8 (5.0)
Rest 32.0(38.0) 14.8(34.8) 10.8(31.6) 9.0 (31.8) 29.5(49.7)
Whole animal 88.3(100) 44.4(100) 34.6(100) 29.0(100) 58.8(100)

a The percentageof the arsenicbody burden in each tissue is shown in parentheses.Tetra, tetramethylarsonium ion; AB,
arsenobetaine.
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Figure 2 Representative chromatograms from HPLC–
GFAAS analysis.(a) Mixture of standardcompounds:DMA,
dimethylarsinate;AB, arsenobetaine;TMAO, trimethylarsine
oxide; AC, arsenocholine;Tetra, tetramethylarsoniumion. (b)
Chromatogramof extractfrom ‘rest’ tissueof C. crangonfed
Tetra.(c) As in (b), but spikedwith Tetrastandardsolution.
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