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The unicellular alga Chlamydomonas reinhardtii
accumulated and biomethylated arsenic effi-
ciently. A wall-less cell strain (CW-15) of
Chlamydomonas reinhardtii proliferated in a
low level arsenic-containing medium (0.01-0.1
mmol dm~3) more than that in an arsenic-free
medium. Although the growth of the algal cells
was only slightly more inhibited in a growth
medium containing arsenic at a concentration of
1.0 mmol dm2 than that in an arsenic-free
medium, it was completely inhibited at concen-
trations of 10 and 100 mmol dm 3, Furthermore,
transformed strains were obtained by random
introduction of plasmid pJD67, carrying an
Arg™ gene, into a wall-less cell Arg mutant
CC425 strain. Finally we selected a strain,
named AS1, among the transformed CC425 of
the arsenic-sensitive group. The accumulation of
arsenic by the AS1 strain was about three-fold
higher than that by the CW-15 strain and 80—
90% of the inorganic arsenic was transformed
into a dimethylarsenic compound. It is suggested
that the AS1 strain is a suitable model for
investigation of the accumulation and biomethy-
lation of arsenic by microalgae in freshwater
environments. Copyright © 1999 John Wiley &
Sons, Ltd.
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INTRODUCTION

Arsenic is widely distributed in the lithosphere,
hydrosphere and biosphere. Marine organisms
often contain high amounts of arsenic, most of
which is water-soluble organic arsenic. It is
postulated that inorganic arsenic in seawater is
accumulated in marine algae and transformed into
dimethylarsenic compounds and further trans-
formed into trimethylarsenic compounds in animals
through the food chain in marine ecosystems.
Cullen et al. demonstrated that bioaccumulation
and biomethylation of inorganic arsenic occurs in a
marine unicellular algaPolyphysa peniculuSand
also reported that methionine Sradenosylmethio-
nine was a methyl donor in the biological methyla-
tion of arsenic in marine alggeTakimuraet al.
reported that the marine green alDanaliella sp.
accumulated inorganic arsenic compounds and
reduced them to arsenite in their cellf few
reports have described the biotransformation in a
freshwater environment. Kuroiwat al demon-
strated the accumulation and the biomethylation of
arsenic in a green alg€hlorellasp? Also, Kaiseet

al. have reported that the freshwater microalga
Chlorella vulgarisaccumulated arsenic in a growth
medium containing disodium arsenite and experi-
mentally converted it to dimethylarsenic com-
pounds’ Maedaet al. reported that 95% or more
of the arsenic in algal specieClflorella and
Phormidiumsp.) was present as inorganic arsenic
and the remaining arsenic was in the form of
dimethylated arsenic (5% i@hlorellasp. and 0.2%

in Phormidiumsp.f. It was postulated that the
major arsenic species in the freshwater environ-
ment is inorganic arsenic, and inorganic arsenic is
reduced to arsenite, then converted to dimethyl-
arsenic compounds in freshwater algae. Dimethyl-
arsenic compounds are then transformed into
trimethylarsenic compounds in aquatic animals.
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However the mechanismef the biomethylationof

arsenicin aquaticorganismsare not fully under-
stood. From the viewpoint of environmental
assessmentt, is importantthat the circulation, the

bioaccumulatiorandthe biomethylationof arsenic
in anaquaticenvironmenareelucidatedHowever,
the enzymic mechanisnof arsenicmethylationin

aguatic organismsis not yet clearly known.

Chlamydomonaseinhardtii is a unicellulareukar-
yotic greenalga and has beenusedin extensive
studies, such as photosynthesis phototaxis and
flagellaassemblyAlso, Chlamydomonareinhard-
tii is haploidduringvegetativegrowth,soit is easy
to obtainany mutantandit is amenableo genetic
analysis.In this paper,we describethe accumula-
tion of arsenicin the wall-lessstrainof Chlamydo-
monasreinhardtii and the transformantsfor the
mechanisticstudy of arsenicmethylationin green
algal cells.

MATERIALS AND METHODS

Chemicals

Sodium arsenite [NaAsO,], methylarsonic acid
[(CH3)AsO(OHY], dimethylarsinic acid
[(CH3),AsO(OH)] and trimethylarsine oxide
[(CH3)3AsO] were purchasedrom the Tri Chemi-
cal Co. (YamanashijJapan)Analytical-gradenitric

acid (61%, w/w) and sulphuric acid (97%, w/w)

were obtained from Wako Pure Chemical Co.

(Osaka, Japan).Other reagentswere of reagent
grade.The arsenicstandardf the inorganicand
the methylarsenicspecieswere preparedby serial
dilutions from stocksolutions.

Growth media

3/10HSM medium

3/10 HSM mediunT was usedfor the algal cell
culture.lts compositionwasasfollows: NH,Cl 150
mg, MgSQ,-7H,O 200 mg, CaCh-2H,O 10 mg,
K,HPO, 940 mg, KH,PO, 470 mg, FeSQ.-7H,0
6.9 mg, HBO, 1 mg, ZnSQ,7H,O 1 mg,
MnSQO;-4H,O 0.4 mg, CoChL-6H,O 0.2 mg,
NaMoGy-2H,O 0.2 mg, CuSQ-5H,O 0.04 mg
andwater1000cm® at pH 7.5.

TAP agar containing phosphoric acid

Agar (1 g) wasaddedto 1000cm® of TAP medium
containing phosphoricacid at a concentrationof
100 umol dm~3, anddissolvedusinga microwave
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oven.The TAP mediunf wasusedfor picking up
transformantf the alga. Its compositionwas as
follows: NH4CI 400 mg, MgSQ,-7H,O 100 mg,
CaCbh-2H,0 50 mg, Ko.HPO, 108 mg, KH,PO, 56
mg, trishydrox%/methylarm'omethane 2420 m%,
aceticacid1 cm®, Hutner’straceelementsolutio

1 cm® andwater1000cm? at pH 7.0.

Chlamydomonas reinhardtii strains

A wall-lessstrainCW-15,andawall-lesscell arg™
mutant CC425 strain, were donated from the
ChlamydomonaseneticCenter,Duke University,
USA.

Transformed CC425 strains

Shimogawarat al.® havereportedthe transforma-
tion of the CC425strainby therandomintroduction
of plasmid pJD67, carrying the arginosuccinate-
lyase Arg7 gene,using an electroporationtechni-
que.Thetransformantsisedwere providedby the
authors.

Culture of the wall-less strain CW-15

The algal cells were culturedin incubationbottles
containingl00cm® of the3/10HSM mediumunder
illumination with fluoresceniumps and bubbling
with filtered air enrichedwith CO, gasto 3% at
27°C. Eachbottle had sodiumarseniteaddedat a
concentratiorof 0,0.01,0.1,1.010.00r 200mmol
dm~3. Growth of the cells was followed by the
measurementsf turbidity (optical density at 600
nm) using a JUSCO spectrophotomete(Tokyo,
Japanjfter8, 15,21 and27 h.

Classification of the transformed
CC425 strains by resistance to
arsenic

The transformedCC425was a mixture of random
plasmid-introducedtransformants.The transfor-
mants were classifiedinto two groups.One was
thearsenic-sensitivgroupwhichinvolvedcellsnot
grown on the 50 umol dm~3 arsenic-containing
TAP phosphoriacidagarplatesunderillumination
with luminescentlampsat 27°C for sevendays.
Another was the arsenic-resistangroup which
involved cells grown on the 300 pmol dm 3
arsenic-containinglateunderthe sameconditions.
Six strainsin eachgroup were selectedfor usein
this experiment.ThesestrainsincludedAS1, AS2,
AS3andAS4in thesensitivegroupandAR1, AR2,
AR3, AR4, AR5 and ARG in theresistantgroup.
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Culture of the CW-15 strain and the
transformed CC425 strains

Both strainswere culturedin 500 cm® of the 3/10
HSM medium containing sodlum arsenite at a
concentratlonof 1.0 mmol dm—3 and 8.8 mmol
dm 3 of phosphoricacid underillumination with
fIuorescentampsandbubblmgto aerateAfter 0, 6,
12,24and48h, 100cm?® of theculturemediumwas
centrlfugedat 3000rpmfor 5min at4 °C. Thealga
was harvestedand rinsed with an arsenic-free
culture medium twice before analysis for total
arsenic and arsenic species. Algal cells were
weighedafter the removalof water.

Total arsenic analysis'®

An aliquot of each strain was weighed and
transferredlnto a beakerto which an allguot of
water (1 cm®) wasadded Nitric acid (3 cm?, 61%)
andsulphuricacid (1 cm®, 97%)Werethenaddedo
the beaker.Each beakerwas coveredwith a glass
dish and left overnight. The digestion was
performedon a hotplate below 100°C until the
evolution of brown fumes ceased,and then was
heated until dense fumes of sulphur trioxide
appeared.The degradedacid solutlon was trans-
ferred to a test tube, and 0.1 cm® of 25% (w/w)
ammonium hydrogencnratewas added. The di-
gestedsolution was neutrahzedwﬂh ammonium
hydrOX|de Hydrochloric acid (1 cm®, 35% w/w)
0.5cm? of 20% (w/v) ascorbicacid and0.5cm® of
20% (w/v) potassiunmiodidewerethenaddedo the
samplesolutions, foIIowed by water to bring the
solution volume to 8 cm®. The total amount of
arsenic was measuredin an atomic absorption
spectrophotometgSpectraAA220, Varian) oper-
ated with a Varian SpectraAA hollow-cathode
lamp at 193.7 nm equippedwith a heatedquartz
tube, after reductionof the arsenicto arsineby an
arsine generaﬂonsystem(VGA?? Varian) with
0. 13 mol dm—2 sodium borohydridein 0.12 mol
dm 3 sodiumhydroxide.

Measurements 911‘ methylated
arsenic species

An aliquot of each strain was weighed and
transferrednto polymethylenepentee tubesand a
0.5 cm® aliquot of waterwas added.A 0.5 cm?®

aliquotof 2 mol dm—2 sodiumhydroxidewasadded
to eachtube, and the top of the tube was then
covered with Parafilm. After being heatedin a
waterbathat85 °C for 2h,theaqueousolutionwas
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Figure 1 Growthcurvesof algalcells, (CW-15strainin 3/10
HSM medium).Arsenicconcentratio(mmol As dm~3): @, 0;

0,0.01;0,0.1; A, 1.0; A, 10; W, 100.

neutralizedwith dilute hydrochloncamd andmade
up to a volume of 10 cm® with water. After

centrifugationof the solutionat 3000rpmfor 5 min

at4°C, thesupernatamvasflltratedthroughaO 45
um membrandilter. A 3 cm?® portion of eachsample
wasreduced/vlth 2% (w/w) sodiumborohydridein

0.2moldm™3 sodiumhydroxideand0.6 mol dm™ s

hydrochloricacid in a fully automatedcontinuous
arsine generationsystem(Hitachi HFS-2, Japan).
Generatedarsineswere trappedon the U-shaped
tubein liquid nitrogenandvolatilized whenthe U-

tube was warmedin a water bath (85°C), then
separatedon a stainlesscapillary column (Urtla

Alloy 1, 30 m, FrontierLab. Fukushima,Japan)y

gaschromatographyfHP 5890). Inorganicarsenic
and methylatedarsenicwere identified as arsine
(AsHs3) methylarsing[(CH3)AsH,], dimethylarsine
[(CH3),AsH] and trimethylarsine [(CH3)3As] by

single-ion monitoring at m/z 76, 90, 103 and 120

with MSD (HP 5972),respectively.

RESULTS AND DISCUSSION

Chlamydomonaseinhardtii is a unicellular auto-
trophic freshwatermicroalga. The CW-15 strain,
which is a wall-lesscell Arg* mutantof Chlamy-
domonuseinharditii, wasculturedfor 28 hin the 3/
10 HSM mediumcontainingsodiumarsenite.The
growthcurvesof thealgal cellsareshownin Fig. 1.

Growth of the mutantln the medium containing
0.01 and 0.1 mmol dm2 arsenicwas betterthan
thatin thearsenic-freenedium.Growthof thealgal
cellswasslightly depresseih the 1.0 mmol dm 3
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Figure 2 Total arsenicconcentrationsn the cells of arsenic-
sensitivetransformantsArseniccontentis shownasng As g+

(wet weight). Strains: @, CW-15; O, AS1; [, AS2; A, AS3;

A\, AS4.
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Figure 3 Total arsenicconcentrationsn the cells of arsenic-
resistantransformantsArseniccontentis shownasng As g *
(wetweight).Strains: @, CW-15; O, AR1; B, AR2; [], AR3;
A, AR4; N\, AR5; x, ARG.
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Figure 4. Totalion chromatogramsf arsinesn microalgaChlamydomonaeeinhardtii. lons of arsineweremonitoredat m/z76,
90, 103 and 120. (A) Authentic arsines:AsH3 (arsine) R =4.55 min, (CHz)AsH, (methylarsine)R; = 4.75 min, (CHsz),AsH
(dimethylarsine)R, = 5.14min and(CHs)sAs (trimethylarsine)R, = 5.51min, eachat 10ng As cm™3; (B) arseniccompoundsn the

AS1 strain.

arsenic-containingmedium and was completely
suppressedt a concentratiorof 10 and 100 mmol
dm~3. If the arsenicconcentrationwas below 0.1
mmol dm~3, the wall-lessstrainappearedo prefer
the presencef arsenic.

Copyright© 1999JohnWiley & Sons,Ltd.

The transformantsof the CC425 strains,which
were selectedas describedin the ‘Materials and
methods’section, were culturedin the 1.0 mmol
dm~2 arsenic-containing/10 HSM medium.Both
groupsof arsenic-sensitivand -resistanttransfor-
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Figure 5 Arsenic concentration®f dimethylarsenicspecies
in the cells of arsenic-sensitivéransformantsArsenic content
is shownasng As g~* (wet weight) Strains: @, CW-15; O,
AS1; [, AS2; A, AS3; A, AS4.

mantshadproliferatedmorethanthe CW-15strain
(datanot shown).

The accumulationof arsenicin thesemultiplied
strainsis shownin Figs 2 (arsenic-sensitiveand 3
(arsenic-resistant)The arsenic was reachedthe
maximumlevel of accumulationin 6 h in the AS1
strain(Fig. 2).

Whereasthe accumulationof arsenicin the
strainsof thearsenic-resistargroupwaslower than
that of the CW-15 strain, some of the arsenic-
sensitive group showed an obviously higher
accumulationof arsenicthanthe CW-15 strain.In
particular,the AS1 strain showeda rapid accumu-
lation of arsenic, and the accumulatedarsenic
concentratiorwasaboutthree-foldhigherthanthat
of the CW-15 strain. The accumulationof arsenic
reachedan approximatemaximumafter 6 h, then
the concentratiorwas maintainedfor about48 h.
Figure 4 shows SIM chromatogramsfor the
determinationof the arsenicchemical speciesin
the AS1 strain. Only one peak correspondingo
dimethylarsinewasobtained.lt is thoughtthat the
major water-solublearseniccompoundswere the
dimethylatedarseniccompoundsMethylatedand
trimethylatedarseniccompoundsverenotdetected
in the cells.

Thetime courseof dimethylarsenigenerationn
thearsenic-accumulatl AS1 strainis shownin Fig.
5. It is thoughtthat approximately80-90%o0f the
accumulatedarsenicwas rapidly convertedinto a
dimethylarsenicompound.

Copyright© 1999JohnWiley & Sons,Ltd.

The microalgae accumulated the inorganic
arsenic from the medium and convertedit to
dimethylarseniccompoundsin their tissues,but
the chemical structures of the dimethylarsenic
speciesnverenot determinedusingtheseanalytical
procedures.

CONCLUSION

Chlamydomonaeeinhardtii hasbeenusedrecently
asa modelfor researchn plant biochemistry.We
haveattemptedo applyit to anexaminatiorof the
accumulationand biotransformationof arsenicin
the freshwaterenvironmentandwe found that the
strain AS1 may be suitablefor this purpose.This
strain, which is a variant of the plasmid pJD67
induced wall-less cell mutant Chlamydomonas
reinhardtii CC425,efficiently accumulatedarsenic
and converted it nearly quantitatively into a
dimethylarsenicompound.
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