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Accumulation and Fate of Ingested
Tetramethylarsonium lon in the Shrimp

Crangon crangon

Britta Bachmann,* Douglas A. Hunter and Kevin A. Francesconi
Institute of Biology, Odense University, DK-5230 Odense M, Denmark

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 58Qug As g * 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 animatsSubsequent
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.

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 lusorig where it occurred at particu-
larly high concentrations in the gilfsSubsequent
work revealed that the tetramethylarsonium ion was
common in molluscs, where it often occurred as a
significant arsenic-containing constituéntThe
application of improved analytical techniques for
determining arsenic species has revealed the pre-
sence of tetramethylarsonium ion in crustacé&ns
and fisH'8in addition to other molluscan species.

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
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testedincludingthosepresenasnaturakonstituents
of seawatefarsenatearsenitedimethylarsinatand

methylarsonate)werenot accumulatedArsenobe-
taineand to alesseextenttetramethylarsoniunon

werereadilyaccumulatedrom the seawateby the

musselsFurthermorethe accumulatiorof arseno-
betaineandtetramethylarsoniunion approximated
to the relative concentration®f thesetwo arsenic
speciesfound in natural populationsof molluscs.
Theseresultsprovided an explanation,in part at

least, for the observed distribution of arsenic
compoundsn marinemolluscs.

The experimentswith Mytilus provide the only
dataso far on the bioaccumulatiorof tetramethyl-
arsoniumion by a marineanimal. That study was
limited to uptake from water. The investigation
reportedhere extendsthat work by examiningthe
uptakeof tetramethylarsoniurion from food by the
shrimpCrangoncrangon The advantagesf using
C. crangonln suchexperiment$iavebeenreported
previously®

MATERIALS AND METHODS

Collection and maintenance

Common shrimp, C. crangon were caught at
Kerteminde(Denmark)in October1997 and kept
atconstantemperatur€14.1+ 0.1°C) with al2h
light—dark cycle. Shrimps of 37-50mm body
length (measuredfrom the tip of the rostrum to
thetip of the telson)were usedin the experiment.
The shrimpswere heId individually in polypropy-
lene beakers(l dm®) containing approximately
700cm® of seawater.The seawaterwas gently
aeratedand changeddaily. The shrimps were
allowed to acclimatize to laboratory conditions
for sevendaysandwerenot fed during this period.

Experimental design

Six groupsof C. crangon(10 individualsin each)
were daily fed chicken meatcontainingeither no
added arsenic or arsenicaddedin the form of
tetramethylarsoniumon (as the iodide salt) or
arsenobetainel hefood waspreparedasdescribed
by Hunteret al..® The arsenicconcentratiorof the
food wasmeasuredn five samplesrom eachfood
batch by hydride generation—AAS,as described
below for the tissues. Arsenic concentrations
(meant sD) of the food batcheswere 29i 1.2,
71+ 3.7, 268+ 7.4 and 580+ 17 ug Asg~* wet
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weight for tetramethylarsoniumion, 188+ 15

pgAsg?t Wet weight for arsenobetainand0.2 +
0.1.9As gt wetweightfor thecontrolgroup.The
accumulationefficiency of arsenobetain&aspre-
viously beendetermined, and shrimpsreceiving
arsenobetaingn the presentstudy served as a
positive control group. The shrimps were fed
10mg food, correspondingo ~2% of the body
weight, daily for 19 days.Food not takenby the
shrimpwasremovedrom thecontainermafter2 min,
frozenandofferedagainnextday,in additionto the
regularfood. The water was changeddaily 1-2h
afterfeedingthesalinityrangedrom22.2t025.4%o..

Sampling and dissection

Shrimpsweresample8 h aftertheirlastmealand
storedat—80 °C until dissectionThelength,weight
and sex of each individual were recorded.The
shrimpswerecarefullydissectednto muscletissue,
gills and midgut gland. The remaining tissues,
includingappendageandexoskeletoryerepooled
as ‘remainder’ tissue. All tissues were frozen,
freeze-driecdandstoredn adesiccatountil analysis.

Total arsenic analysis

Arsenic concentrationsvere determinedn indivi-
dualsampleof muscleand‘remainder’tissue,and
in pooled samplesof midgut gland and gills for
eachtreatmengroup.Thefreeze-driedissuesvere
groundto a powderanda portion wasdigestedby
dry-ashing using a modlflcatlon of the method
describedby Penroseet al..'* Tissue samplesof
approx. 10mg (weighed to+ 0. Olmg) were
weighedinto cruciblesand 1.00cm?® of slurry was
added.The slurry was prepareday adding30g of
magnesiumnitrate to 500cm® of stirred milli-Q
water, followed by 50g of magnesiunoxide. The
samplesveredried overnightat 80 °C anddigested
in amuffle furnaceby heatingthesampledor 1 h at
200°C, 1 hat300°Cthen8hat500°C. Thecooled
samplesweredissolvedbg adding2.50cm® of 6 M
HCI followed by 2.50cm® of milli-Q water. Total
arsenicwasmeasuredy hydridegeneration—AAS
using a Perkin-Elmer MHS-20 mercury/hydride
system coupled to a Perkin-Elmer 2380 AAS.
Portions (10mg) of standardreferencematerial
DORM-1 (cert|f|ed arsenicconcentration:17.7+
2.1ugAsg” ) wereanalysedn triplicate together
with eachof six setsof samplesFor five of the six
sets, the arsenic concentrations obtained for
DORM-1werewithin theacceptableange(overall
mean+ sb was17.5+ 0.9 ug Asgt, n=15). For
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onesetof sampleshowever,the DORM 1larsenic
valueswerelow (12.1+ 0.5ug Asg~*, n=23). This

setof samplesconsistedof the pooledg|ll tissues
from all thetreatmengroups(therewasinsufficient
material to repeattheseanalyses).Basedon the
DORM-1 results, the arsenic concentrationsob-

tainedfor thegill samplesareall likely to be lower

thantheir true values.Thus,comparisorof arsenic
concentrationdetweengill samplesvasvalid, but

comparisorof gill tissuewith othertissuesrom C.

crangoncould only be qualitative.

Analysis of arsenic species

Arsenicspeciesveredeterminedn themuscleissue
and ‘remainder’ tissue of C. crangon fed food
containings80ugAsg- wetwe|9 htastetramethy-
larsonium ion or 188ugAsg ~ wet weight as
arsenobetain€&achof thesdour tissuesvastreated
asfollows; Driedtissug(5.0mg)from eachof the10
individualsin eachgroupwaspooledanda30mg
portionwasextractedvith 3.00cm® of milli-Q water
and sonicated for 2 x 30s. The solution was
centrifugedfor 10min at 50000g and the super-
natantcollected The pellet was re-extractedwith
2.00cm® waterand centrifugedas before Thetwo
supernatantserepooledandal.00cm?portionwas
analysedor totalarsenicThepelletwasdriedunder
reducegressurat30°Cin acentrifugallyophilizer
and analysedfor total arsenic. The remaining
supernatantvas similarly dried and the resultant
residuestoredn adesiccatountil analysif arsenic
species.

The dried extractswere redissolvedn 1.00cm®
milli-Q water and an aliquot of the result-
ant solution was diluted in milli-Q water to ob-
tain an arsenlc concentrationof approximately
0.5ugAsg L. This solutionwasfiltered (0.2 um)
to removethe small amountof insolublematerial.
The arseniccompoundsn the tissueextractswere
identified by comparing their HPLC retention
volumes with those from a mixture of stan-
dard compounds each at a concentration of
1 ug As cm 3 (dimethylarsinatearsenobetainetri-
methylarsineoxide, arsenocholin@ndtetramethy-
larsoniumion)). Thedilutedextractsor thestandard
solution (100ul portions) were injected into the
high-performanceiquid chromabographyHPLC)
system, which consisted of a Jasco PU-980
intelligent HPLC-pump coupledto a JascoDG-
980-50 degasserand a Rheodyne9125 syringe-
loading sample injector with a 500ul injection
loop. Theseparationsveremadeon anlonosphere-
C cation-exchangecolumn (Chrompack) eluted
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with 5 mM pyridinium ion and 3% (v/v) methanol
in Waterat pH 2.7. The flow rate of the pumpwas
0.4cm>min~! and fractions of 0.2cm®> 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 concentrationsin muscle tissue and
‘remainder’ tissue were log-transformedand the
arsenicconcentrationsf thetreatmengroupswere
comparedwith the arsenic concentrationof the
controlgroupby one-wayANOVA followed by a
Tukey test. The percentageof the dosethat was
retainedin the tissues(retention efficiency) was
definedby Eq. [1],

Retentionefficiency = 100 x (quantity of arsenic
retained)/quantityof arsenicconsumed [1]

where

Quantity of arsenicretained= ([As] in treatment
tissue)— ([As] in control tissue)x weight of
treatmenttissue

RESULTS

Crangoncrangonshowedno signsof toxicity (e.g.
inactivity, reduced escaperesponseor ‘loss of
appetite’)duringthe experimentTwo animalsdied
in the experlment,oneln the groupreceivingfood
containing29 19 As g * andthe otherin the group
receivingfood containing580 g As g~ *. Thedead
animalswere omitted from the study.

Total arsenic concentration in the
shrimp

The shrimpsreceiving arsenobetainservedas a
positivecontrolin the experimentsandthe uptake
and distribution of this compound (midgut>
muscle~ ‘remainder’, ca 2.5:1:1; see Table 1)
agreedNeII with thedataprewouslyreportedor C.
crangon®

For shrimpfed tetramethylarsoniunon, arsenic
concentrationgn muscletissue,'remainder’tissue,
midgutgland(andgills) showedhe samepatternof
increasing tissue concentration with increasing
arsenicconcentrationin the food (Table 1). The
distribution of arsenic was different from that
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Figure 1 Retentionefficiency (mean+t sem, n=10) of ar-
senicin the muscletissueand ‘rest’ tissueof C. crangonfed
food (~10mgd~?) with anarsenicconcentratiorof 29,71, 268
or 580ugAsg ! (wet wt) as tetramethylarsoniunion for 19
days. Retention efficiencies significantly different from the
retentionefficiencyof shrimpfed 29 ug As g—* aremarked‘a’
(P < 0.001), while those differing from 71ugAsg*
marked'b’ (P < 0.05).

observedor arsenobetaine-feshrimp.Thehighest
arsenicconcentrationsverefoundin the muscleof

tetramethylarsonium-feghrimp. The distribution
of arsenicwithin the shrimp appearedo be dose-
relatedwith the ratio of muscle[As]: midgut [As]

increasingat higherdoses.

Arsenic concentrationsn the tail and ‘remain-
der’ tissueof all groupswere significantly higher
than in the control group (P < 0.001) and the
arsenicconcentrationsvere significantly different
betweenall treatmentgroups (P < 0. 001) except
for the animalsfed 29 and71 ug Asg™

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

Retentionefficiencieson the whole-animabasis
(Table 2) show that retention increaseswith
decreasingconcentrationof tetramethylarsonium
ion in the food. The contributionof the gill to the
totalretentionis includedin thecalculated-etention
values;this contributionwaslow (<2%) dueto the
gills’ smallsizeandthusthelikely underestimatef
the gill arsenicconcentrationgsee experimental)
would not significantly affect thesevalues.

Arsenic speciation

Themethodusedfor extractingthearsenidrom the
tissueswasvery efficient, extractingabout97% of
thearsenidn the muscletissueandmorethan99%
of thearsenidn the ‘remainder’'tissue.Thearsenic
specieswere separatedon HPLC using cation-
exchangeconditions,andidentifiedby comparison
of their retentionvolumeswith thoseof standard
compoundgFig. 2). In thestandarcthromatogram
tetramethylarsoniumion elutes at 5.7cm® and
arsenobetainethe arsen|cspe(:|espredom|nant1n
natural C. crangon elutesat 3.0cm®. HPLC of
extractsfrom shrimp fed arsenobetainédata not
shown) demonstratedhat they accumulatedthis
form of arsenicunchangeda resultconS|stenW|th
the earlier studywith C. crangon® The chromato-
gramsof extractsof the muscleand ‘remainder’
tissue from the tetramethylarsoniunfied shrlmp
both showeda single peak eluting at 5.6cm®. A
portion of the extractof ‘remainder’ tissuespiked
with tetramethylarsoniumion standard resulted
againin a single peakat 5. 6cn, confirming the
identity of the peak(Fig. 2). No arsenobetalnpeak
is seenin the chromatogramef the animalsbeing
fedtetramethylarsoniurion becauselilution of the
sample before HPLC analysis decreasedthe

Table 1 Arsenicconcentrationg;g As g~* dry wt + sp) in four tissuesof C. crangon

Arseniccompoundied® Muscletissue ‘Rest’ tissue Midgut gland Gills
Control 85+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+84 58 66
Tetra(268) 223+ 72 91+ 29 140 119
Tetra(580) 422+ 137 147+ 39 242 225

@ AB, arsenobetaineTetra, tetramethylarsoniunon. The weightsof arsenicfed (ug As g~ wet wt) aregivenin parentheses.
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Table 2 Retentionefficiency of arsenicin the individual tissuesof C. crangonfed tetramethylarsoniumon or

arsenobetainéor 19 day$'

29ugAsgt 71ugAsgt 268ugAsgt  580ugAsgt 188ugAsg*
Tissue asTetra asTetra asTetra asTetra 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)

& The percentageof the arsenicbody burdenin eachtissueis shownin parenthesesTetra, tetramethylarsonim ion; AB,

arsenobetaine.

arsenobetaineoncentrationto a level below the
detectionlimit.

DISCUSSION

Tetramethylarsnium ion is a commonconstituent
of marine animals, having beenreportedin mol-
luscs? crustaceandfish, echinoderm& and coe-
lenterates? It is a significant constituen of bivalve
molluscs particuarly in thegills, whereit canbethe
major arsenic compound Uptake studies with
musselsshowedthat the tetramethylarsoniumion
wasaccumulatedanorereadily, with theexceptionof
arsenobetaie, than any of the other natumlly
occurring arsenicspeces. Theseresultswere con-
sistentwith the observedistribution of the various
arsenic compoundsin molluscs. In most marine
animals,however,tetramethylarsoniunis a minor
arsenicconstituet, which suggestitherthatit is
presentat only tracelevelsin the environment,or
that uptake from food is low. The high retention
efficiency of the tetramethjarsonium ion in C.
crangon is interesing. Wild C. crangon contain
>90% of their total arsenicas arsenobetaie, and
tetramethyarsoniumion constitutesonly about1%
of the total® Yet, when exposedto the two
compounds in their food, C. crangon accumulate
both of them with comparable efficiency. The
efficiency with which C. crangon accumulatethe
tetramethjarsoniumion suggeststhat little tetra-
methylarsonim ion is presenin the naturalprey of
C. crangon otherwiseit might be expectedo make
a greatercontributionin wild C. crangon Higher
concentration of tetramethylarsonim ion in clams
comparedvith thelevelsin C. crangonis unlikely to
be explainal by differencesn retentionefficiencies

Copyright © 1999JohnWiley & Sons,Ltd.

or metabolism, becauseC. crangon shows very
efficient retentionand negligble transformationof
tetramethylarsoniumon. Possibly the clamsextract
the tetramethylarsoniunion from the large volume
of seawatethey passover their gills. Although the
tetranethylarsoniumon hasnotyetbeendetectedn
seawaterit maybepresenatlow levels,astheusual
methal for determiningarsenicspeciesn 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.
crangonfed arsenobetainethe arsenicconcentra-
tionsin the midgutglandwere2.5-fold higherthan
thosein the muscle.For Crangonfed tetramethyl-
arsonium ion, the arsenic concentrationsin the
midgut gland were alwayslower thanthosein the
muscle. The distribution pattern appearedto be
dependenbn the concentrationwith the relative
differenceincreasingat higherdose.

HPLC analysisof extractsrom theshrimptissue
indicated that the tetramethylarsoniumion was
accumulatedunchangedThe methodof detection
employedin this study (off-line graphitefurnace—
AAS) was not sufficiently sensitiveto detectany
minor metabolitesthat might have beenformed.
We estimatea detectionlimit of about5% of the
total arsenicin the extract.In the previousstudy
with C. crangon theingestedrimethylarsineoxide
was readily demethylatedo dimethylarsinatebut
we detectedno evidenceof sucha demethylation
pathway for tetramethylarsoniumion. Possible
transformation of tetramethylarsoniumion into
arsenobetaindy direct addition of CO, hasbeen
discussedriefly.** We could seeno indication of
sucha changein our experiments.
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Figure 2 Representative chromatograms from HPLC-
GFAAS analysis.(a) Mixture of standardcompoundsDMA,

dimethylarsinate/AB, arsenobetaineTMAO, trimethylarsine
oxide; AC, arsenocholineTetra, tetramethylarsoniunion. (b)

Chromatogranof extractfrom ‘rest’ tissueof C. crangonfed
Tetra.(c) As in (b), but spikedwith Tetrastandardsolution.
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