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The behavior of marine algae Dunaliella salina,  methylarsonic acid (MMA) and dimethylarsinic
Chattonella antiqua, Heteresigma akashiwo, Ske- acid (DMA) are usually found as the predominant
letonema costatum, chaetoceros debilad Tha-  forms of arsenic species in oxygenated wat€he
lassiosira weissflogji against arsenate, arsenite abundance of one of them has been correlated with
and DMA in a medium and the effects of the occurrence of a particular phytoplankton
glutathione that influenced the redox condition  group? Understanding the different toxic mech-
on arsenic accumulation of D. salina were anisms of As(lll), As(V) and DMA is criti-
studied. It was found that the order of growth  cally important in assessing the risk from
inhibition of marine algae by arsenic species arsenic exposure. The microalga€h(orella?
was As(lll) > As(V) >DMA. The order of Dunaliella,* Phoridium® Chattonellg) are capable
arsenic accumulation by D. salina was of accumulating arsenic to concentrations several
As(V) > As(lll) > DMA at a concentration of  orders of magnitude higher than in the surrounding
100 mgAsdm>. A small part of the arsenic medium. Unfortunately, there is little information
accumulated byD. salinawas methylatedin vivo.  on the tolerance and accumulation of As(lll), As(V)
DMA was the major methylated arsenic com- and DMA’ In a previous paper, resistance to
pound. Methylated arsenic compounds were not arsenic impact and the bioaccumulation of arsenic
present in the medium. Glutathione (GSH) by D. salina were reported. D. salina seems to
treatment increased arsenic accumulation by have the ability both to detoxify arsenic accumu-
D. salina at a concentration of 10-100mg lated in the cell and to reduce®Detoxification of
GSHdm 3. Buthionine sulfoxisamine (a potent arsenic by the cell was probably achieved by
and specific inhibitor of <y-glutamylcysteine  shielding it with SH groups of algal components,
synthetase) strongly suppressed the effect of GSH e.g. proteins, or by methylating itMonomethyl-
on arsenic accumulation. These findings suggest and dimethyl-arsenic comPounds were found in
that the intracellular glutathione concentration  water extracts ofChlorella,” but scarcely inD.
may be important for arsenic accumulation. salina
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Dunaliella' ' ' ' range of metabolic process%_s'l.’he functions of

glutathione in higher plants include storage and
Received 26 January 1998; accepted 26 May 1998 transport of reduced sulfur, maintenance of protein
thiol, protecting membranes against peroxidation
and detoxification of xenobiotics. These observa-
tions suggest that glutathione acts by mediating the
response of plant cells to biological stress. The
INTRODUCTION accumulated arsenic concentratiorCinsalinahas

been reported to be increased with an increase in
Arsenic is a ubiquitous chemical widely distributed arsenate(V) concentration of the aqueous phase
in food, water, air and soil. In coastal sea(but it is not clear how glutathione is related to
environments, arsenate (V), arsenite (lll), mono-arsenic accumulation).

This report describes the effects of glutathione on

arsenic accumulation and growth inhibition of
* Correspondence to: Y. Yamaoka, Chugoku National Industrial various marine algaQD' Sa"”"?‘v C. ant.iqua’ H
Researcﬁ Institute, 2-2-2 Hiro-Suehiro, Igure, Hiroshima 737-01, akashiwo, S. costatum, C. debéledT. weissflogii)
Japan. E-mail: yamaoka@cniri.go.jp. with As(V), AS(lll) and DMA.
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MATERIALS AND METHODS

Reagents

Trivalent sodium arsenite [NaAsO,, As(lI)],

pentavalent sodium arsenate [Na,HASO,:

7H,0,As(V)] and dimethylarsinic acid (DMA)

were commercial products of Sigma Chemical
Co. (Tokyo, Japan).Methylarsonicacid [CH3As-
O(OH); MAA] and trimethylarsine oxide
[(CH3)3AsO] was obtained from Tri Chemical
Corp. (Nagano, Japan). Other reagents were
purchasedfrom Wako Pure Chemical Industries
(OsakaJapan)Analytical solutionswere prepared
by diluting stock solutionsto the requiredconcen-
tration.

Microalgae

Dunaliella salina (Chlorophyceag was obtained
from the Culture Collectionof Algae andProtozoa
(University of Cambridge, UK). Heterosigma
akashiwo(RhaphydophycedeSkeletonemaosta-
tum and Chaetocerosdebile (Bacillariophyceag

were obtainedfrom Global EnvironmentalForum

(Tsukuba). Chattonella antiqgua (Rhaphydophy-
ceag was obtained from Hiroshima Prefecture
Marine ExperimentalCenter.Thalassiosiraweiss-
flogii (Bacillariophyceag was isolated in 1982

from a mixture of many kinds of algae collected
from Harimanada.Thesealgaewereusedthrough-
out the experiments.

Cultures of algae

D. salina, C. antiqua, H. akashiwo,S. costatum,
Chaet. debile and T. weissflogii were grown at
23°Cin anagitated aeratedfiltered andsterilized
seawater medium containing Fe-EDTA 1; the
various arsenic species (each at 0, 0.5,
1,5,10,50,50,100,%) 1000, 5000 and 10000
mgdm—3) and (mgdm—3); KNO3 72; KH,PO,
4.5. The pH of each sample was adjusted by
addition of dilute hydrochloric acid or sodium
hydroxideto pH 8.0. Thedensityof variousalgaein
the mediumbeforeincubationwas adjustedto 10°
cellscm™3. Cultures were grown at 23°C with
contlnuousllqht (4500lux) and constantaeration
(1dm 3min~Y). The cultureswere checkedperi-
odically for bacterialcontaminationby plating on
nutrient agar. Each experiment was conducted
twice. The cells were harvestedby drying by
lyophilization after cooling centrifugation (5 °C,
2500rpm) andthe contentof arsenidn centrifuged
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cellswasdeterminedThefluorescencéntensityof
the living cell suspensmnwas found to be
proportionalto the cell density!* so measurement
of the growth of the cells (g dry weight of cell per
dm® of medium)wasobtainedby determinatiorof
the fluorescencéntensity of the culture.

Determination of total arsenic in
algae

The freeze-driedalgae containing arsenic were
digestedwith a mixed solutloncontalnlng3 cm® of
concentratednitric aC|d 1cm® of concentrated
sulfuric acid and 1 cm® of perchloricacid (60%).
Theamountf arsenidn thealgaewasdetermined
by meansof a hydride-generatioratomic absorp-
tion spectrometesystem(JurreII Ash Co., model
AA-1 MK-2).8 Wavelengthandlamp currentwere
193.7nmand10mA for arsenic.

Determination of MMIA, DMA and
TMA in algae by HPLC

Sampleq1.0g) of algaewerehomogenizedn the
presence of chloroform/methanol (2:1 vlv,

100cm®). The homogenatewas filtered and the
filtrate was then thoroughly mixed with water
(50cm®).*? The aqueouphasewas separatecaind
concentratedo a small volume.The concentration
and evaporationwere performed under reduced
pressurébelow 40 °C throughoutthe experiment.

The concentrate was placed on a cation-
exchange column (Dowex 50W-x8, H* form,
22cm>< 18.5cm column) and eluted with
400cm® of water 400cm® of 2. Omoldm pyr-
idine and 400cm® of 1.0moldm™3 HCI, succes-
sively. The concentratedraction eluted with the
pyridine solution was further appliedto a Dowex
50W-x2 (200—-400-mesIpyridinium form; 1 cm x
50cm column) equilibrated with 0.1moldm™3
pyridine—formic acid buffer ng 3.1) and eluted
with the samebuffer (200cm®) and 0.1mol dm—3
pyridine (200cm?).

Eachextractwasanalyzedn ahigh-performance
liquid chromatographTosohCo. Ltd, CCP 8000
series) using a TSK Gel ODS-120T 4.5mm x
250mm column (Tosoh Co. Ltd with a mobile
phaseof 11.2mmoldm™ 3 sodiumheptanesulfonate
in water—acetonltrlle acetiacid (95:5:6, by voI
flow rate 08cm min~%; sample size 5mm) 13
Portions (10mm®) of each elute collected every
25s were injected into a graphite-furnaceatomic
absorption spectrometer (Shimazu model AA-
7600) as the arsenic-specificdetector under the
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following conditions:drying at 200°C for 20s and
ashingat500°C for 60 s, bothunderanatmosphere
of air, andatomizationat 2400°C for 10sunderan
argon atmospheregeuterium backg oundcorrec-
tion; monochromatoat 193. 7 nmX*** A mixture
of the authentic arsenic compounds (all with
100mgdm 2 as As), including those which had
beendetectedn the previousexperimentsn vitro
on the accumulationof arsenic,was also fractio-
nated[retentiontimes, s: As(lll) 225-300;As(V)
150-225MMA 225-300;,DMA 325-400;TMAO
725-850].

In order to determinethe presence(MMA) or
absencgAs (V)] of amethylgroupin thearsenical
whose retention time was 225-300s, atomic
absorption spectrometrywith hydride-generation
derivatization followed by cold trapping was
performed without the previous hydrolysis with
NaOH?

Measurement of glutathione (GSH)
in algae

For GSH+GSSGmeasuremenglgaewereground
using a chilled mortar and pestle with 4cm?® of
20mmoldm 3 EDTA anddeproteinizedby 1 cm?®
of 50% metaphosphoriacid (HPOs) at 4 °C. The
homogenatavascentrifugedat 30 000g for 15min
at 4 °C, and the supernatantvas usedto measure
GSH+GSSG by the DTNB-GSSG reductase
method'® The total glutathione was measured
with an enzymic recycling assaybasedon gluta-
thione reductasein a reaction mixture (1 cnr)
containing 5mmoldm™2 potassium phosphate
buffer (pH 7.4), 1mmoldm=2 EDTA, 0.2
mmoldm 3 NADPH, 0.6mmoldm~2 5,5-dithio-
bis(2-nitrobenzoni@cid) (DTNB) andcell extract.
After 5min of incubation,the reactionwasstarted
by the addition of glutathionereductasg2 units,
Sigma) and the reduction rate of DTNB was
monitored at 412nm for 3min with a Shimazu
double-beamspectrophotomete¢ShimazuModel
UV-190). GSSG was measuredselectively by
assayingthe samplein which GSH was masked
by treatmentvith 2-vinylpyrimidine’ To 500l of
samplewasadded10 pl of 1 mol dm™2 2-vinylpyr-
imidine; this wasmixed vigorouslyfor 1 min, then
left at 25°C for 1 h. The resultantsolution was
assayedas describedabove. Under these assay
conditions therateof increasen the absorbancat
412nm for 3min was linearly related to the
quantityof GSSGovertherange0—0.4nmoldm 3.
The difference betweenthe total glutathioneand
GSSGceontentsvastakento bethecontentof GSH.
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Note:All datapointsrepresenthemeansf three
replicateexperiments.

RESULTS AND DISCUSSION

Effect of arsenate, arsenite and
DMA on the growth of D. salina

D. sanila, C. antiqua, H. akashiwo,S. costatum,
Chaet. debile and T. weissflogii were grown in
enriched seawatercontaining various concentra-
tions of arsenatearseniteand DMA for 14 days
(Fig. 1). All dataareexpressedspercentagesfthe
blank (weight of the algaewithout arsenic).Onthe
addition of arsenate,arseniteand DMA in the
growth of D. salina was unaffectedby arsenate,
arseniteand DMA in the concentrationrange 0—
1000, 0-10 and 0-10 000mgdm ™3, respectively.
However, the growth of other algae was slightly
affected with increasing arsenate,arsenite and
DMA concentrationsn the medium (at 1000, 10
and 10000mgdm™3, respectively).lt was found
that the order of growth inhibition by arsenate
was C. antiqgua> H. akashiwo> T. weissflogii>
Chaet.debile> S. costatunt> D. saling the order
of growth inhibition by arsenitewas H. akashi-
wo > Chaet. debile>S. costatun> C. anti-
qua> T. weissflogii> D. salina, and the order of
growth inhibition by DMA was C. antiqua> T.
weissflogii> S. costatunt> H. akashiwo> D. sal-
ina, respectively.The results suggestedhat the
ability to tolerate arsenic differs with different
speciesof microalgae.Also, theseresultssuggest
thatthe orderof growthinhibition of marinealage
by arsenicwasarsenite(lll)> arsenate(V)> DMA.

Arsenic accumulation by D. salina

As describedabovejt wasfoundthatsurvivalof D.

salinacellsis unaffectedby the presencef arsenic
(1000mgdm™2 arsenatel0mgdm™2 arseniteand
10000mgdm 2 DMA, respectively).To clarify

the arsenicaccumulationby D. saling the content
of arsenicin D. salina was determined using
variousarseniccompoundsThe contentof arsenic
in the cellsis shownin Table 1. D. salinadid not
grow at over 5 000mgdm 3 arsenate, 500
mgdm ™3 arsenite and 25 000mgdm 3 DMA,

respectively.The contentof arsenicaccumulation
by D. salina in a medium containing arsenic
compoundswas greatly changedby the addition
of arsenicto medium.Arseniccontentin D. salina
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Figure 1 Impactof (a) arsenate(b) arseniteand(c) dimethylarseni@cid on the growth of marinemicroalgae Cultureconditions:
23°C; pH 8.0; KNO3, 72mgdm™; KH,PO,, 4.5mgdm~=; Fe-EDTA, 0.5mgdm 3, incubationtime 14 days. Growth was
monitoredby measuringfluorescencen vivo; therewas close correlationbetweenthe relative intensity of fluorescenceand the
biomassof the microalgae'* V/V; = samplebiomassvolume (mg dm™3)/blank biomassvolume (mg dm~); @, C. antiqug ¢, D.
saling A, T.weissflogii x, S.costatum W, Chaet.debile %, H. akashiwo
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Table 1 Effect of arsenic on the growth of Dunaliella salina and arsenic
accumulatiorby Dunaliella salina after a 7-day culture®

As spet:les Biomass Total As
(mg dm~3) (mg dry/cellsdm—3) (mgdm2 dry/cells)
Arsenate(V)
0 53.6 1.9
10 53.6 55.0
100 58.9 388.2
1000 36.8 2740.1
2000 16.9 1226.1
5000 — —
Arsenite(ll1)
0 52.1 2.2
10 51.6 55.3
100 50.8 373.1
500 1.2 —
Dimethylarsenicacid (cacodylicacid)
0 51.6 2.6
100 52.2 3.0
1000 49.8 6.3
5000 53.6 19.2
10000 49.7 20.1
25000 2.2 —

@ The medium contained(mgdm™3): KNO3 72, KH,PO, 4.5; temperature23°C;
illumination 4500lux; volumeof seawatefl dm >

increasedvith anincreaseof arsenatearseniteand
DMA concentration to 1000, 100 and 10
000mgdm™3, respectively.Theseresultsfor ar-
senate agreed with data in previous papers*
Arsenic concentrationsn algaevary significantly,
ranging from 2 740mgdm 3 in arsenateand
373mgdm 3 in arsenite to an average of
20mgdm3in DMA. Comparingarsenatearsenite
andDMA, theorderof arsenicaccumulatiorby D.
salina was arsenate (V) > arsenite(lll)> DMA.
These results suggestthat there is a significant
differencein the mechanismof accumulationof
arsenicakpecieshy D. salina

Methylation of inorganic arsenic by
D. salina

D. salina (5mg dry weight per dm®> medium)

preculturedm an arsenic-freemediumwasinocu-
latedin 1 dm® medlumcontalnlngo 100mgAs(lIl)
and100mg As(V) dm~2 and culturedfor 14 days
underthe generalconditions(seethe Experimental
section).

Table 2 showsthat total arsenic, MMA, DMA
and TMA were producedin the aIgaI cell in the
medium containing100mg dm 3 of arsenateand
arsenite. Total arsenic level in D. salina was
composedof 99.4%As (inorganic), 0.55%DMA,
0.01%MMA. Also, trlmethylarsenlcwasdetected
in only trace amounts(below 0.1mgdm™ ) The
predominantaccumulatedarsenic speciesin D.
salina was inorganic arsenic. Also, DMA were
thereforethe major methylatedarseniccompound.
However,nomethylatedarseniovasdetectedn the
mediumfrom D. salinaexposedo eitherAs(lIl) or
As(V). Theseresults show that when D. salina

Table 2 Arseniccompoundaccumulatedn Dunaliella salina cells andexcretedin the mediun?

Arsenicin D. salina

Arsenicin medium

Arsenicin medium

(mg dm~3 dry cell wt)

(mg dm~2 medium)

(mg dm™3) Total A MMA  DMA  TMA MMA  DMA  TMA
Total As 0 1.2 1.2 0 0 0 0 0 0
As (1ll) 100 109 108.3 0.1 0.6 tr 0 0 0
As (V) 100 62 61.8 tr 0.2 tr 0 0 0

aA inorganicarsenic;MMA, DMA andTMA referto mono-,di- andtri-metylarsenicspeciesrespectivelyitr: > 0.05mgdm™
b The mediumcontainedmg dm~3) KNO 72, KH,PQ, -4.5; temperaturé3°C illumination 4500lux;volumeof seawatef dm™
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Table 3 Effect of glutathioneandbuthionineon arsenicaccumulatiorby D. salinaafter a 7-day culture

Medium (mg dm~3) Biomass As GSH

As (V) GSH BS (mg dry cellsdm™3) (mg dm~2 dry cells) (mg dm~2 dry cells)
0 0 0 44.8 3.1 1.6

100 0 0 57.2 115.2 1.9

100 10 0 57.3 125.9 3.0

100 10 10 58.1 102.2 1.3

100 100 0 45.4 921.7 5.2

100 100 10 52.6 93.5 1.1

2Themediumcontainedmg dm*3): KNO3, 72,KH,PQy, 4.5;temperatur@3 °C; illumination 4500lux; volumeof seawatefl dm™>.

b GSH, glutathione;BS, buthioninesulfoxisamine.

accumulatedAs(V) and As(lll) from the aqueous
solution,a partof thearseniovasmethylatedn the
cell, butthequantityof methylatedarsenicexcreted
was not in proportionto that of the total arsenic
accumulated.Also the above data lead to the
conclusion that arsenicis biomethylatedin the
interior of the cell althoughthe ratio of methylated
ratio to inorganic compoundsis small. D. salina
therefore seemsto have a limited methylation
capacity.

Effect of glutathione on arsenic
accumulation by D. salina

To order to demonstratethe effect of GSH on
arsenicaccumulationD. salina was culturedin a
medium containing arsenate(100mgdm—3) and
GSH (0-100mgdm 3 in medium) at 23°C for
sevendays. The cells were washedwith seawater
andwereanalyzedfor total arsenicand GSH. The
resultsareshownin Table3. Thearsenicand GSH
contentin D. salina increasedwhen the GSH
concentratiorin the mediumwasraisedfrom 10 to
100mgdm ™3, but the biomasswas decreasedOn
the otherhand,the arseniccontentin D. salinadid
notincreaseat GSHlevelsof 10— 100mgdm 3 in
the mediumcontaining10mgdm2 of buthionine
sulfoxisamine(BS). With the addition of BS, the
intracellularcontentof GSHin D, salinawassmall,
rangingfrom 1.1.to 1.3mgdm>. It is knownthat
BSis anirreversibleinhibitor of y-glutamylcysteine
synthetasé® This result suggeststhat arsenic
accumulationwas promotedto some degree bé/
GSH at GSH levels higher than 100mgdm >,
From the aboveexperimentakesults,the medium
containing100mgdm 3 GSH was recommended
for the purposeof removalof arsenatdy D. salina
from the aqueousphase as this mediumaccumu-
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3

latesabouteight times more arsenicthan a GSH-
free medium.
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