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The possible role of arsenosugars as precursors
to arsenobetaine was investigated by feeding
pure arsenosugar compounds to the shrimp,
Crangon crangon, and monitoring the arsenic
metabolites in muscle, midgut gland, gills, and
‘remainder’ tissues by HPLC–ICP MS. Control
shrimps contained arsenobetaine (ca 90% of the
total As) as the major arsenic compound in all
four tissues, and traces of tetramethylarsonium
ion and two arsenosugars were also present.
Shrimps accumulated only 0.9% of a dimethy-
lated arsenosugar, mostly as unchanged com-
pound, and conversion into arsenobetaine could
not be detected. Dimethylarsinate and possibly
dimethylarsinoylethanol were present as minor
metabolites. Shrimps accumulated 4.2% of a
trimethylated arsenosugar, and converted about
half into arsenobetaine. The remainder of the
arsenic was present as unchanged arsenosugar
and several minor unidentified metabolites. The
overall accumulation of arsenobetaine from
ingested trimethylated arsenosugar was only
about 2%, whereas shrimps fed arsenobetaine
retained 57% of the dose. The undetectable
(dimethylated) to low (trimethylated) conversion
of the arsenosugars into arsenobetaine suggests
that these compounds do not represent a major
source of arsenobetaine for wildCrangon. Copy-
right # 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

Arsenic is a common constituent of marine
environmental samples, where it can exist in many
chemical forms.1,2 In water and sediment most of
the arsenic is inorganic, whereas in biota organoar-
senic compounds predominate. The major orga-
noarsenic compounds in marine algae are
arsenosugars (arsenic-containing ribosides) which
are believed to be biosynthesized by algae from
inorganic arsenic in seawater.3 Dimethylated and
trimethylated arsenosugars have been reported in
algae, the former being by far the predominant
species. In marine animals, the major form of
arsenic is arsenobetaine, although several other
arsenic compounds are also found, generally as
minor constituents. The origin of arsenobetaine is
unknown; its apparent absence from seawater,
sediments and algae might suggest that it is
biosynthesized within animals.

Research to date has focused on two hypotheses
for the origin of arsenobetaine. The first proposes
that simple methylated arsenic compounds (e.g.
dimethylarsinate) are transformed to arsenobetaine
by microscopic organisms in seawater. Support for
this hypothesis has come from laboratory studies4,5

with mussels maintained in seawater containing
radiolabelled (tritiated CH3) methylarsonate or
dimethylarsinate. Chromatography of extracts from
the mussels showed that part of the radiolabel was
associated with fractions that matched the chroma-
tographic behaviour of arsenobetaine. Evidence
was presented demonstrating that the mussels were
accumulating the radiolabelled arsenobetaine from
the seawater rather than biosynthesizing the
compound themselves. A second hypothesis con-
siders arsenosugars as the precursors of arsenobe-
taine. This hypothesis has been supported by field
studies, for example the recent study6 investigating
the arsenic constituents of a short food chain of
herbivorous molluscs grazing on algae. Although
the algae contained most of their arsenic as
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arsenosugars,and arsenobetainewas not present,
themolluscscontainedarsenobetaineastheirmajor
arsenicmetabolite.Henceit appearedthat arseno-
sugarsweretransformedinto arsenobetainewithin
the molluscs.Laboratory studies,however,have
been unable to demonstratethat animals can
convert arsenosugarsinto arsenobetaine.Early
studies using radiolabelled organoarseniccom-
pounds(arsenosugars)obtainedby culturing algae
in seawatercontaining74As-arsenatefailed to show
a transformationinto arsenobetainein crustaceans7

or molluscs.8 A comparablerecentstudy9 with a
unicellular alga and copepods(and using HPLC–
ICP MS to detectarsenicmetabolites)supported
that earlierwork by demonstratingno transforma-
tion of arsenosugarsinto arsenobetaine.These
laboratory studies7–9 all examinednaturally pro-
ducedarseniccompounds,and,althoughdimethy-
latedarsenosugarsweredominant,inevitably dealt
with amixtureof arsenicspecies.It is possible,and
indeedlikely, thatsmallquantitiesof trimethylated

arsenosugar(s)were also presentin thesestudies.
Any transformationsoccurringwith minor consti-
tuentsin algaemighthavebeendifficult to detectin
the presenceof large quantitiesof dimethylated
arsenosugars.

The study reported here was carried out to
augmentthepreviouslaboratorystudiesby working
with syntheticarsenosugars.The ideal compounds
for suchwork werethedimethylatedarsenosugar1
(Fig. 1) andits trimethylatedanalogue6, sinceboth
are natural products.10,11 However,becausethese
compoundswere not availablein sufficient quan-
tities, we chosethe arsenosugars212 and 713 as
modelcompounds.Arsenosugar2, a minor natural
constituentof algae,hasbeenchemically synthe-
sized12 and7 canbe readily synthesized13 from 2.
The assumptionmadeis that the variousdimethy-
latedarsenosugarsfound in algaebehavesimilarly
in natural systems,at least in relation to their
transformationsand resultant major arsenic-con-
taining metabolites.Previousstudies14,15 indicate
that this is a valid assumptionsincethe four major
arsenosugarsin algae(compounds1, 3, 4, 5), in
addition to 2, all produce the same arsenic
metabolite on anaerobicdegradation.Similarly,
arsenicmetabolitesresultingfrom 7 areassumedto
be representativeof trimethylatedarsenosugars.

The presentinvestigationexaminesthe fate of a
dimethylatedand a trimethylatedarsenosugar(2
and7) following ingestionby the shrimpCrangon
crangon. Theuseof purecompoundsfacilitatedthe
detection and quantification of transformation
products.

EXPERIMENTAL

Collection and maintenance of
Crangon crangon

Commonshrimps,Crangoncrangon(L.) (Crusta-
cea,Decapoda),werecaughtat Kerteminde,on the
Islandof Funen,Denmark,in early July 1997and
transportedin seawaterto the aquariumroom at
OdenseUniversity (14� 0.5°C; light–dark cycle,
12:12). They were held in a glass aquarium
containing100 litres of aeratedKertemindesea-
water, and allowed to acclimatize to laboratory
conditionsfor six daysduringwhich theywerefed
every third day with chickenmuscletissue.After
this acclimatization period, 10 individuals were
randomly sampled and frozen (ÿ80°C); these
animalsconstitutedthecontrolDay 0 group.

Figure 1 Structuresof arseniccompoundsrelevant to this
study.
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Preparation of arsenic-dosed food

Undosedandarsenic-dosedfoodwaspreparedfrom
chicken muscle and gelatin as previously de-
scribed.16 A known amount (1.13–1.33mgAs
dissolved in 50ml water) of each of the three
arseniccompoundswasaddedto weighedportions
of the chicken–gelatinmixture to give a nominal
arsenic concentrationof 500mg As gÿ1 wet wt.
These portions were poured into moulds and
immediatelyfrozen(ÿ20°C). Oncesolid, theslabs
of food weretrimmedto leavea pieceof 1.9g wet
wt which was cut into 190 pellets weighing ca
10mg (dimethylatedarsenosugar,10.7� 0.6mg;
trimethylatedarsenosugar,10.7� 0.6mg; arseno-
betaine,9.1� 1.0mg; mean� SD, n = 10).Arsenic
concentrations(mg As gÿ1 wet wt, mean� SD,
n = 5) measuredin pellets taken from different
locations on the food slabs were: dimethylated
arsenosugar,521� 14; trimethylatedarsenosugar,
491� 6; andarsenobetaine498� 16. The control
pellets contained 0.3� 0.2mg As gÿ1 wet wt
(mean� SD, n = 5).

Experimental design

Four groups(10 individuals in each)of Crangon
were fed undosedchicken muscle (controls), or
chicken muscle dosed with one of the two
arsenosugars,or with arsenobetaine.For 19 days,
shrimp were fed daily with a single pellet of
food equivalent to approximately 2% of their
body weight. In the few instanceswhen indivi-
dualsrefusedto feed (typically the day after they
had moulted), the food was removed, refrozen,
and fed to the animal at a later date. Total
quantities of arsenic consumed by individual
shrimps fed the compoundsfor 19 days were
99mg (dimethylated arsenosugar),93mg (tri-
methylated arsenosugar),and 95mg (arsenobe-
taine). Leaching of the arseniccompoundsfrom
the food pellets was not measured, but is
consideredto have been minimal as the pellets
were typically consumedwithin secondsof their
addition. Shrimps were then maintained for a
further two days without food before being
sacrificed.To ensurethat they receivedand ate
the same number of meals, and that no
individuals were cannibalized after moulting,
shrimpswere held individually in polypropylene
beakerscontaining ca 700ml of seawater.The
seawaterin eachbeakerwas gently aerated,and
changed daily within an hour after feeding.
Natural seawater(14� 0.5°C, 15� 0.5psu) was

used throughout the study. All experimental
animals were females;mean weights of the ten
shrimps ranged from 0.55 to 0.61g wet wt for
eachof the four groups.

Sampling and dissection of shrimp

Theshrimpswereremovedandfrozen(ÿ80°C) on
Day 21 (48h after their last meal). Length, wet
weight,sexandthepresenceof eggswererecorded
for each animal. The tail muscle,midgut gland,
gills, and ‘remainder’ (primarily consistingof the
exoskeleton(cuticle and hypodermis)and muscu-
latureof theappendages)weredissectedfrom each
individual. For tail muscleand‘remainder’tissues,
samplesfrom individual shrimpswere processed
separately; for midgut gland and gill tissues,
material was pooled for each tissue type within
each group. The wet weight and dry weight
(following freeze-drying) of each sample were
recordedto thenearest0.1mg,andthefreeze-dried
sampleswerestoredin a desiccatoruntil analysed.
The control Day 0 shrimps were treated in an
identicalmanner.

Chemical syntheses

Chemicalsyntheseshavebeenreportedpreviously
for the arsenic compoundsused in this study,
namelyarsenobetaine,17 a dimethylatedarsenosu-
gar(compound5, methyl5-deoxy-5-(dimethylarsi-
noyl)-b-D-riboside)12 and a trimethylated
arsenosugar(compound7, methyl 5-deoxy-5-(tri-
methylarsonio)-b-D-riboside).13 The source of
otherarseniccompoundsusedaschromatographic
standardshas been describedpreviously. K. A.
Francesconi,W. Goessler,S. PanutrakulandK. J.
Irgolic, Sci.Tot. Environ., 221, 139 (1998).

Determination of total arsenic

Sampleswere digestedby heatingto 500°C with
MgO/Mg(NO3)2,

18andanalysedfor totalarsenicby
hydride-generation–atomic absorptionspectropho-
tometry (AAS) using a Perkin-Elmer MHS-20
mercury/hydridesystemcoupledto a Perkin-Elmer
2380 AAS. The standard reference material
DORM-1 (certified arsenic concentration
17.7� 2.1mg kgÿ1) was analysedwith each set
of samples;themeanarsenicconcentration(� SD)
foundwas18.0� 0.8mg kgÿ1 (n = 12).
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Determination of arsenic
compounds

Preparation of extracts
Pooledsamples
Separate pooled samples of tail muscle and
‘remainder’ were preparedby combining 10mg
from the ten individuals within each group. A
sample(50.0mg for tail muscleor ‘remainder’,or
2–4mg weighedto �0.01mg for midgut glandor
gills) of pooledtissuewastransferredto a test-tube
and extractedwith water (2.0ml) in a sonicator
(MSE, amplitude 22, for 30s). The homogenate
was centrifuged (5000g), and the supernatant
transferredto a cleantest-tube.The pellet wasre-
extractedwith water (2.0ml, Whirlymix) and the
mixture centrifuged(5000g). The secondsuper-
natantwasaddedto thefirst, thecombinedvolume
wasmeasured,anda sample(1.00ml) removedfor
the determinationof total arsenic.The pellet was
freeze-dried and, for muscle and remainder, a
portion (�10mg) was preparedfor total arsenic
determination;difficulties associatedwith handling
small quantitiesof materialprecludedthe analysis
of the pellet from midgut gland and gill samples.
The remaining supernatantwas evaporatedto
drynessat 30°C on a centrifugallyophilizer (Maxi
Dry Lyo, Heto Holten). The ensuingdry residue
was dissolved in water (1.00ml) and the small
amount of insoluble material was separatedby
centrifugation.Samples(2� 0.40ml) of thesuper-
natantwereseparatelydried (asabove)andstored
(ÿ20°C) before analysis by high-performance
liquid chromatography using an inductively
coupledplasmamassspectrometeras the arsenic-
specific detector (HPLC-ICP MS). Immediately
before HPLC, the extractswere reconstitutedin
water (1.00ml) and diluted to give an arsenic
concentrationof 10 to 100ng As mlÿ1.

Individual muscletissue
Six individual muscletissuesamplesfrom eachof
three groups (control, dimethylatedarsenosugar,
and trimethylatedarsenosugar)were extractedas
follows. The dry tissue (ca 20mg weighed
to� 0.01mg) was extractedin a sonicator(MSE,
amplitude22, for 30s) with water (5.0ml). The
mixturewascentrifuged(50000g), thesupernatant
wasremovedand the pellet wasre-extractedwith
water(2� 5.0ml, Whirlymix followed by 50000g
centrifugation).The combinedsupernatantswere
evaporatedto drynessat 30°C (Maxi Dry Lyo,
HetoHolten).Theresiduewasredissolvedin water
(3.00ml) and the small quantity of insoluble

material was separated by centrifugation
(50000g). A sample(0.50ml) of the supernatant
was removedfor total arsenicdetermination,and
2� 1.00ml sampleswere separatelyevaporated
andstored(ÿ20°C) for HPLC analysis.

Chromatographic separation, identification and
quantification of arseniccompounds
The HPLC systemconsistedof a Hewlett-Packard
1050 solvent delivery unit (Hewlett-Packard,
Waldbronn,Germany)and a Rheodyne9125 six-
port injection valve (Rheodyne,Cotati,USA) with
a 100-mm3 injection loop. Separations were
performed on a Supelcosil LC-SCX cation-ex-
changecolumnat 40°C, or on a HamiltonPRPX-
100 anion-exchangecolumn at 40°C. For the
pooledtissuesamples,thecation-exchangecolumn
was eluted with 10mM pyridine, pH 5.0, at
1.5ml minÿ1; andfor the individual muscletissue
samples,elutionwaswith 20mM pyridine,pH 2.6,
at 1.5ml minÿ1. The anion-exchangecolumn was
elutedwith 20mM NH4H2PO4, pH 5.6. The outlet
of theHPLCcolumnwasconnectedvia a 800-mm,
1/16-inch (1.6mm.) PEEK (polyether-ether-
ketone) capillary tubing (0.13mm i.d.) to the
Babington-type nebulizer of a Hewlett-Packard
4500 inductively coupled plasma mass spectro-
meter (Hewlett-Packard,Waldbronn, Germany).
Theion intensitiesatm/z75and77weremonitored.
The ICP MS signalwasoptimizedwith a solution
of themobilephasecontaining20mg As lÿ1 to give
maximumresponseon the arsenicsignal (m/z75).
Chromatogramswere converted and integrated
with software written in-house.19 Arsenic com-
pounds in the sampleswere quantified against
standardsolutionsof arsenobetaineor arsenocho-
line chromatographedunder identical conditions;
the detector responsefollowing HPLC was the
same for these two compounds.For complete
HPLC recoveryof the extractedarsenic,the sum
of individual compoundsshould match the total
arsenicin theextract.In our experiments,recovery
rangedfrom 60to 112%(mean89%,n = 16) for the
pooledsamples,and 85–88%(mean86%, n = 18)
for theindividualmusclesamples.Thequantitiesof
arsenicreportedhereare basedon the valuesfor
individual compoundsobtainedin the chromato-
graphy.

Data treatment and statistics

Statisticalanalyseswere performedon log-trans-
formed data using Systatsoftwarefor PC use.A
one-wayANOVA/Tukey test was used to deter-
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mine the influenceof the form of ingestedarsenic
on arsenicconcentrationsin the tail muscle and
‘remainder’ tissues,and to comparethe contribu-
tion of themidgutglandto theoverallbodyweight
of the shrimps.The t-test was usedto determine
whetherarsenicconcentrationsin thetissuesof the
control shrimpssampledat the beginning(Day 0)
and end (Day 21) of the experiment were
significantly different, and to comparethe mean
wet weightsof the animalsat the startandendof
theexperiment.To determineretentionefficiencies
for the compounds,arsenic concentrationswere
converted ([As] � dry wt) to arsenic contents,
which were adjustedto account for the slightly
differentamountsof arsenic(93–99mg) consumed.
As it was necessaryto pool the gill and midgut
glandsamplesfrom theindividualsconstitutingeach
group, no significancevalues are attachedto the
changesin arsenicconcentrationsin thesetissues.

RESULTS

Feeding, condition and behaviour

No mortality or changein behaviour (e.g. will-
ingnessto feed or reducedactivity) was noted in
any of the groups.Someshrimpsmoultedduring
thestudy:control (6 moults),dimethylatedarseno-
sugar (2), arsenobetaine(8) and trimethylated
arsenosugar(8). Within each group, the mean
whole wet weight of the shrimp at the end of the
study was not significantly different (P� 0.41)
from the initial meanweight. The contributionof
the midgut gland to overall body weight [(midgut
dry wt)/(whole animal wet wt)], which is a better
indicator of the animals’ condition, fell signifi-
cantly (P< 0.001)in the control groupduring the
experiment(i.e. Day 0; cf. Day 21 animals).There
were,however,nosignificantdifferences(P = 0.79)
in the ratio of (midgut dry wt)/(whole animal wet
wt) betweenany of the four groups(control and
treatments)sampledon Day 21.

Total arsenic concentrations in
shrimp

There were no significant differencesin arsenic
concentrationsbetweencontrolshrimpssampledat
Day0 andatDay21.Consequently,only theresults
for control Day 21 animalswere usedin the data
analysis.Mean arsenicconcentrationsin shrimps
fed the arseniccompoundswere all significantly
higher(P< 0.001)thanthosein the control group
(Table 1). The arsenicconcentrationsin the three
arsenic-dosedgroupswerealsosignificantlydiffer-
ent from eachother (P< 0.001)with the relative
concentrations being arsenobetaine� trimethy-
lated arsenosugars> dimethylated arsenosugars.
These differences were apparent for both tail
muscle and ‘remainder’ (gills and midgut were
pooled samplesand hencewere not amenableto
statistical analysis).The arsenicdistribution pat-
ternswithin animalsweresimilar for controlshrimp
and for shrimp receiving arsenobetaineor the
dimethylatedarsenosugar(Table 1). Within each
of thesethreegroups,arsenicconcentrationswere
comparablefor tail muscleand‘remainder’,and2–
3-fold higher in the midgut gland and gills. The
distribution of arsenic in the group receiving
trimethylated arsenosugar,however, was quite
different, with the midgut gland showinga much
higher concentration (2–8-fold) than the other
tissues.On a whole animal basis, the retention
efficiencyof arsenicfor the threecompoundswas
arsenobetaine(57%), trimethylated arsenosugar
(4.2%) and dimethylated arsenosugar(0.90%)
(Table2).

Extraction of arsenic compounds
and their determination by HPLC±
ICP MS

From pooledsamples
Aqueousextractionwith sonicationremovedmost
of the arsenicfrom the dried tissues.Extraction
efficiencieswere calculatedin two ways: (i) by
comparingthe relative quantitiesof arsenicin the

Table 1 Totalarsenicconcentrations(mg As gÿ1 dry wt) in shrimptissuesfollowing ingestionof arseniccompoundsa

Tissue Control group Me2 As-sugargroup Me3 As-sugargroup Arsenobetainegroup

Tail muscle 9.2� 2.6 16� 7 31� 8 610� 140
Midgut gland 20 34 250 1300
Gills 24 45 140 1300
‘Remainder’ 6.6� 1.5 15� 8 38� 16 430� 150

a Values(recordedto two significantfigures)representmean� SD for 10 individuals.
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supernatantandpellet [100 S/(S� P)], and(ii) by
comparingsupernatantarsenicwith thequantityin
the initial material determinedby analysisof a
separatesubsampleof freeze-dried tissue (100
S/initial). We prefer the first calculation method
becauseit is internallyconsistentandavoids‘false’
recoveryvaluesof morethan100%.Whenapplied
to the muscleand ‘remainder’ samples,extraction
efficiencieswere 89.9–99.2%(mean93.5%), and
86.4–103%(mean93.1%)for methods(i) and(ii),
respectively.Extraction efficienciescould not be
calculatedby method(i) for the midgut glandand
gill samplesbecausethe ‘pellets’ obtainedfollow-
ing centrifugation of the homogenateswere too
small to process.Basedon calculationmethod(ii),
extractionefficiencieswere75–135%(mean96%).
The greater spreadof results for these samples
probably reflects difficulties in handling small
amountsof material.

Analysisof the muscleof control shrimps(Fig.
2a) showedthat most of the native arsenicwas
present as arsenobetaine(89.9–92.9% of total
arsenic,dependingon the tissue),with the remain-
deraccountedfor by a broadpeakeluting nearthe
solvent front (ca 2.0min), an unknown peak at
3.45min andtetramethylarsoniumion (10.03min).
The tetramethylarsoniumion accountedfor about
1% of the total arsenicin both muscletissueand
‘remainder’; it was also detectedin the gills and
midgut, but could not be quantified(the estimated
level of quantification was 0.2% of the total).
Shrimpsfed arsenobetaineaccumulatedthis com-
poundunchanged(Fig. 2b).Traces(lessthan0.2%
of total arsenic)of the other minor arseniccom-
poundspresentin controlshrimpsweredetectable,
but no other arseniccompoundswere found (the
estimateddetectionlimit was0.05%of the total).

HPLC–ICPMS analysisof the extractsof tail
musclefrom shrimpsfed the dimethylatedarseno-

sugar showed, in addition to arsenobetaineand
othernativearseniccompounds,a broadpeakat 4–
5.5min (Fig. 2c). This broad peak appearedto
containtwo arseniccompoundsbut the identity of
these compounds could not be established.
Although the retention time and peak shape
matchedthat for unchangedstartingmaterial,both
dimethylarsinoylethanol and trimethylarsineoxide
chromatographedin asimilarmannerandcouldnot
be eliminatedas candidates.Biotransformationof
dimethylated arsenosugarsto dimethylarsinoy-
lethanol is a facile processunder certain condi-
tions,14 andits presenceasa metabolicproductin
the currentexperimentwould not be unexpected.
Trimethylarsineoxide may be considereda less
likely metabolite. The pattern of arsenic com-
poundswas similar for the four tissuesalthough
small differenceswereapparent.For example,the
ratio of arsenic associatedwith the peak at 4–
5.5min andthatpresentasarsenobetainevariedas
follows: tail muscle(1.0),‘remainder’(1.4),midgut
gland(0.7),gills (0.7).

The chromatogram(Fig. 2d) of the extract of
shrimpmusclefrom the trimethylatedarsenosugar
group showed two major peaks assigned to
arsenobetaine(2.98min) andunchangedtrimethy-
lated arsenosugar(9.55min). Arsenocholinewas
not detected in any of the tissues. Smaller
unassignedpeaks was also present,including a
broad peak at 4–5min. Initially, this peak was
thought to contain trimethylarsine oxide but
chromatographyof individual muscle samples
under different conditions suggestedotherwise
(seebelow). In contrastto the other groups,the
pattern of compoundsshowed large differences
dependingon the tissue type, with the ratio of
trimethylatedarsenosugarto arsenobetainevarying
as follows: tail muscle (0.6), ‘remainder’ (2.1),
midgut gland(4.0) andgills (1.9).

Table 2 Retention(%) of the three arseniccompoundsin individual tissuesand whole shrimp fed 95 mg As
(normalized;seeExperimentalsection)over19 daysa

Tissue Me2As-sugargroup Me3As-sugargroup Arsenobetainegroup

Tail muscle 0.32(0.355) 1.08(0.258) 27.6(0.488)
Midgut gland 0.02(0.022) 0.40(0.096) 2.1 (0.038)
Gills 0.03(0.035) 0.12(0.029) 1.1 (0.019)
‘Remainder’ 0.53(0.588) 2.58(0.617) 25.7(0.455)
Whole animalb 0.90(1.00) 4.2 (1.00) 57 (1.00)

a Theproportionof arsenicbodyburdenin eachtissueis shownin parentheses.Valuesfor midgutglandandgills arebasedonarsenic
contentsof pooledtissues.
b Not including haemolymphandotherfluids lost duringdissection.Valueshavebeenroundedto two significantfigures.
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Thequantitiesof arsenobetainepresentin eachof
the samples were determined from the HPLC
chromatograms(Table 3). There were no clear
differencesbetweenthe arsenobetainecontentof
thecontrolgroupandthedimethylatedarsenosugar
group.The trimethylatedarsenosugargroup,how-
ever,containedincreasedarsenobetaineconcentra-
tions in all tissues(a factorof 1.5 to 1.9depending
on tissue).

Anion-exchangechromatographywas also car-
ried out on the pooled tissue samples(Fig. 3).
Although this chromatographygavelittle informa-
tion on the cations,sincethey all elutednear the
solvent front, it did provide information on the
small quantitiesof anions in the extracts.There
were slight differencesin the pattern of arsenic
species between the tissues for these minor
constituents. For example, in control shrimps
arsenosugarconcentrations(compounds3 and 5)
werehigherin gill andmidgutglandthanin muscle
and‘remainder’.ControlCrangonwasalsoshown
to contain traces of dimethylarsinate and an
unknowncompound,U1. Dimethylatedarsenosu-
gar-fed Crangon contained (in addition to the

Figure 2 HPLC–ICPMS chromatograms(cation-exchange)
for pooled muscle tissuesfrom Crangon: (a) control (inset:
samechromatogramwith expandedintensity scale showing
tetramethylarsoniumion at 10.03min); (b) arsenobetaine-fed
Crangon; (c) dimethylated arsenosugar-fedCrangon; (d)
trimethylated arsenosugar-fedCrangon. Separations were
performedon a SupelcosilLC-SCX cation-exchangecolumn
with 10mM pyridine,pH 5.0,asmobilephase.Retentiontimes
for standardsunder these conditions were: arsenobetaine
(2.98min), dimethylated arsenosugar(4–6min, broad), di-
methylarsinoylethanol(4–6min, broad),trimethylarsineoxide
(4–6min, broad), arsenocholine (8.40min), trimethylated
arsenosugar (9.53min) and tetramethylarsonium ion
(10.00min).

Figure 3 HPLC–ICP MS chromatograms(anion-exchange)
for seven standardarsenic anions and pooled tissuesfrom
Crangon: (a) seven standard arsenic anions; (b) control
Crangon gills; (c) dimethylated arsenosugar-fedCrangon
muscle; (d) trimethylated arsenosugar-fedCrangon muscle.
Separationswereperformedon a Hamilton PRPX-100 anion-
exchangecolumn with 20mM NH4H2PO4, pH 5.6, as mobile
phase.
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native arseniccompounds)arsenate,an unknown
arseniccompound(U2), andincreasedquantitiesof
dimethylarsinate. Trimethylated arsenosugar-fed
Crangon contained two unknown arsenic com-
pounds,U3 andU4.Althoughthedataclearlyshow
that compoundsU2–U4 were arsenicmetabolites
from the ingestedarsenosugars,possiblestructures
possessinganionic characterarenot readily appa-
rent.

From individual muscletissuesamples
Six individual muscle samplesfrom the control
group and the two arsenosugargroups were
analysedto allow statisticalcomparisonof arseno-
betaineconcentrations.Themethodusedto process
theseindividual sampleswasslightly different,and
more efficient, than that used for the pooled
samples.In addition, cation-exchange HPLC was
performedwith 20mM pyridine at pH 2.6 (instead
of 10mM pyridineat pH 5.0) sincetrimethylarsine
oxide chromatographsas a lessbroadpeakunder
theseconditions.K. A. Francesconi,W. Goessler,
S. PanutrakulandK. J. Irgolic, Sci. Tot. Environ.,
221, 139 (1998). The chromatogramsfor the
individual muscletissuesshoweddifferencesfrom
the chromatogramsof the pooledsamples(Fig. 4
showstypical chromatograms).For control sam-
ples, the small peak that formerly appearedat
3.45min was now eluting at 6.10min (Fig. 4b).
This behaviouris similar to that of an unknown
arseniccompoundthat we havenoticedin several
different samples,including thestandardreference
materialDORM-1.

For muscle from dimethylatedarsenosugar-fed
shrimp (Fig. 4c), peaksat about 2.6min and at
5.7min correspondedto dimethylarsinateand un-
changeddimethylatedarsenosugar.A smallpeakat
6.0min matchedthe retentiontime of dimethylar-
sinoylethanol,but becausethepeakwasbroad,this
assignmentwastentative.For shrimpfed trimethy-
latedarsenosugar,thebroadpeakat about4–5min

obtained at pH 5.0 (Fig. 2d) had virtually
disappeared,andsignalsat 2.8min andat 4.1min
becamesignificantpeaks(Fig. 4d). This behaviour
wasnot compatiblewith the presenceof trimethy-
larsineoxide in thesesamples.

At pH 2.6, arsenobetainewas well separated
from the other arseniccompounds,and could be
easily quantifiedin the extracts.The data on the
individual muscle tissuesfrom eachof the three
groups agreedwell with those obtained on the
pooledsamples.Therewasnosignificantdifference
in themeanarsenobetaineconcentrationof muscle
tissue for the control (6.3 � 2.8mg As gÿ1) and
dimethylated arsenosugar(5.9 � 2.3mg As gÿ1)
groups(mean� SD) whereasthe levels of arseno-
betaine in the group fed trimethylated arseno-
sugar (11.5 � 3.0mg As gÿ1) were significantly
(P< 0.02) higher than those in the other two
groups.The slightly higher arsenobetainevalues
obtained for the individual muscle tissuescom-
paredwith the pooled musclesamples(Table 3)
probablyresultfrom themoreefficientprocessused
to preparethe individual extracts.

DISCUSSION

Accumulation and distribution of
arsenic in Crangon

Arsenobetainewas included in the experimental
designasapositivecontrolsinceCrangonis known
to accumulatethis compoundreadily from food.16

The efficiencyof retentionwasevenhigher in the
presentstudy(57%,comparedwith 42%),possibly
as a consequenceof the lower concentrationof
arsenobetainein the food (500mg As gÿ1, com-
pared with 1000mg As gÿ1). The retention effi-
ciencies of total arsenic for the dimethylated
arsenosugar(0.90%)andthe trimethylatedarseno-

Table 3 Arsenobetaineconcentrations(mg As gÿ1 dry wt) in shrimp tissuesfollowing ingestion of arsenic
compoundsa

Tissue Control group Me2As-sugargroup Me3As-sugargroup Arsenobetainegroup

Tail muscle 5.0 4.9 9.5 320
Midgut gland 13 11 23 730
Gills 14 14 23 760
‘Remainder’ 4.5 4.2 6.8 280

a Valuesrepresenta single HPLC–ICPMS analysisfrom pooledtissuesamplesfrom 10 individual shrimpswithin eachgroup
(recordedto two significantfigures).
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sugar (4.2%) were much lower than that for
arsenobetaine(57%). They were, however,com-
parablewith or higherthanthosefoundfor arsenate
andtrimethylarsineoxide (1.2%and1.6%,respec-
tively) in theearlierstudywith Crangon.16 Uptake
experiments with fish have also reported low
retention of arsenate,20–22 dimethylarsinate22 and
trimethylarsineoxide,22 andnegligibleretentionof
dimethylarsinoylethanol andtwo relatedorganoar-
seniccompounds.23

The tissue distribution patterns of arsenic in
shrimps receiving arsenobetaineor dimethylated
arsenosugarwere both similar to that for control
shrimps (Table 1). The data matched those

reported16 for arsenate,trimethylarsineoxide and
arsenobetainein Crangon. The trimethylatedar-
senosugar,however,behaveddifferently by show-
ing high accumulationin themidgutglandrelative
to the other tissues.Thesedata suggestthat the
midgut gland readily takes up the trimethylated
arsenosugarfrom thegastrointestinaltract.

Metabolism of arsenosugars in
Crangon

A chromatographicsystemcapableof separating
specificarseniccompoundswasrequiredto monitor
possibletransformationsin the shrimp. The com-
poundsof interest included (i) those presentin
control shrimps(arsenobetaineand tetramethylar-
soniumion); (ii) thoseadministeredto the shrimp
(arsenobetaine,dimethylated arsenosugar2 and
trimethylated arsenosugar7); and (iii) possible
metabolites (dimethylarsinoylethanol, arsenocho-
line, arsenobetaine,trimethylarsine oxide and
dimethylarsinate).Schemesfor the generationof
thesemetabolitesaredepictedin Fig. 5. Although
mostof thearseniccompoundswereresolvedunder
the various ion-exchangechromatographiccondi-
tionstested(e.g.Figs3aand4a),wewereunableto
separatefully the dimethylatedarsenosugarstan-
dardfrom standardsof dimethylarsinoylethanol and
trimethylarsineoxide. In addition,severalmetabo-
lites wereproducedin theexperimentsthatdid not
matchanyof theavailablestandards.In view of the
relatively low uptake of the arsenosugars,these
metabolitesareunlikely to besignificantin termsof
arsenicbiotransformation.

Crangon retained very little of the ingested
dimethylatedarsenosugar(0.90%),andthatportion

Figure 4 HPLC–ICPMS chromatograms(cation-exchange)
for standardarsenic cations and for muscle tissues from
individual Crangon: (a) five standardarsenic cations; (b)
control Crangon; (c) dimethylatedarsenosugar-fedCrangon;
(d) trimethylated arsenosugar-fedCrangon. Extraction and
dilution conditionsfor (b)–(d) were identical so the quantities
are directly comparable.Separationswere performed on a
Supelcosil LC-SCX cation-exchangecolumn with 20mM

pyridine,pH 2.6,asmobile phase.

Figure 5 Schemesfor possible degradationpathwaysand
metabolitesfrom arsenosugars.
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that wasretainedappearedto be presentpredomi-
nantlyasunchangedstartingmaterial.Therewasno
detectable transformation of the dimethylated
arsenosugarinto arsenobetaine.Minor metabolites
were dimethylarsinateand possibly dimethylarsi-
noylethanol,although the presenceof the latter
compound was not conclusively demonstrated.
Theseresults are consistentwith those reported
for experiments,wherecrustaceans7,9 or molluscs8

fed algal arseniccompounds(predominantlydi-
methylated arsenosugars)did not accumulate
arsenobetaine.

In contrast to the dimethylated arsenosugar,
about half the accumulatedtrimethylatedarseno-
sugarwasmetabolizedwithin the shrimp,and the
majormetabolitewasarsenobetaine.Severalminor
metaboliteswereproducedthat did not matchthe
chromatographicbehaviourof theavailablearsenic
standards,and the remainder was present as
unchangedarsenosugar.The quantityof arsenobe-
taine producedwithin Crangonrepresentedabout
2% of the ingestedarsenic.It is of interest that
arsenocholinewasnotdetectedin theshrimp,since
this compoundis a known metaboliteof trimethy-
lated arsenosugars.23 Probably,arsenocholinewas
formed within the shrimp, but was then rapidly
metabolizedto arsenobetaine,as demonstratedin
fish21,22andmussels.24

The datareportedheredemonstratethat conver-
sion of a trimethylatedarsenosugarto arsenobe-
taineoccurswithin amarineanimal.Whetheror not
this transformationis significantin naturalsystems
remainsto beestablished,althoughanestimationof
its significance can be made based on current
reported levels of trimethylated arsenosugarsin
marine algaeand the uptake/transformationdata.
We may assumean averagearsenicconcentration
in algae of 10mg gÿ1 wet wt, and that the
trimethylatedarsenosugarcontentis about1% of
this value.10,11 A daily food intakeof 5% of body
weight consumedas algae for a 1 g Crangon
representsingestion of 0.005mg As as trimethy-
lated arsenosugarper day. Results from the
experimentreportedhere suggestthat about 2%
of the ingestedtrimethylatedarsenosugarmight be
transformedand retained as arsenobetaine.This
quantity is equivalent to only 0.0001mg As gÿ1

dÿ1. Clearly, this proposedsourceis insufficientto
account for the concentrationsof arsenobetaine
(about2mg As gÿ1 wet wt) foundin wild Crangon.

Thereareseveralfactorsthat may influencethe
parametersusedin the aboveestimation.First, the
possibility exists that the uptakeof trimethylated
arsenosugarsmay be inverselyrelatedto dose,as

seen for the tetramethylarsoniumion, B. Bach-
mann,D. A. HunterandK. A. Francesconi,Appl.
Organometal.Chem, 13, 771–776(1999),anymay
be muchhigherat environmentallyrelevantlevels
(in the current experiment, shrimps were fed
trimethylated arsenosugarat 5000-fold the esti-
matednatural levels). Second,the transformation
into arsenobetainemay also be more efficient at
lower doses;the high concentrationsof trimethy-
lated arsenosugarin the midgut comparedwith
muscle tissue might be seenas support for this
view. Third, marineanimalsthateatprimarily algal
material may carry out this transformationmore
efficiently than the omnivorous Crangon. And
finally, natural sources(detritus?) richer in tri-
methylatedarsenosugarsthanthemacroalgaesofar
examinedare also possible,althoughwe consider
this improbablebecauseprocessesfor methylating
dimethylatedarsenosugarsoutside algae are un-
likely to proceedwhile maintainingthe sugarring
intact.

Theinability of Crangonto metabolizedimethy-
lated arsenosugarsto arsenobetaineis further
evidencequestioning the possible role of these
compoundsin theorigin of arsenobetainein marine
animals. Nevertheless,the field data supporting
sucha conversioncannotbe discountedand they
call for continuedefforts to attempt to elicit the
proposedtransformationsin the laboratory.These
processesare likely to involve interactionswith
microorganisms,andfuture arsenictransformation
studies should profit from using well-defined
microbial conditions.
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