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a b s t r a c t

The uptake of arsenate (As(V)) and dimethylarsinic acid (DMAA) by aquatic macrophyte Spirodela
polyrhiza L. was investigated to determine the influence of arsenic interaction with PO4

3− and
Fe ions. Plants were grown hydroponically on standard Murashige and Skoog (MS) culture solu-
tions. Arsenic concentrations in Fe-oxide (Fe-plaque) on plant surfaces were determined by
citrate–bicarbonate–ethylenediaminetetraacetic acid (CBE) technique. S. polyrhiza L. accumulated 51-fold
arsenic from arsenate solution compared to that from DMAA solution with initial concentrations of 4.0
and 0.02 �M of arsenic and phosphate, respectively. The arsenate uptake was negatively (p < 0.001) cor-
related with phosphate uptake and positively (p < 0.05) correlated with iron uptake. About 56% of the
ptake
nteractions
hysico-chemical adsorption
e-plaque
pirodela polyrhiza L

total arsenic was accumulated into the plant tissues while 44% was adsorbed on Fe-plaque (CBE-extract),
when the plants were grown on arsenate solution. The DMAA uptake into the plant was neither affected
by the phosphate concentrations nor correlated (p > 0.05) with iron accumulation. The results suggest
that adsorption of arsenate on Fe-plaque of the surface of S. polyrhiza L. contributes to the arsenic uptake
significantly. Thus, arsenate uptake in S. polyrhiza L. occurred through the phosphate uptake pathway and

rption
take.
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. Introduction

Arsenic is an important environmental and health concern due
o its known chronic and epidemic toxicity. The main arsenic
xposures to humans are through water pathway and food con-
amination, for instance in Bangladesh [1–3] and West Bengal,
ndia [4] where most of the contaminations originate from natural
elease from rocks in the aquifer. Geogenic arsenic contamina-
ion from aquifer rocks has also been reported in Thailand [5],
ietnam, Inner Mongolia, Greece, Hungary, U.S.A., Ghana, Chile,
rgentina and Mexico [6,7]. Unfortunately, the traditional chem-

cal and physical remediation techniques are limited due to the
attern of discharge. Hence, Phytoremediation, a plant-based green
echnology, is proposed as a viable alternative. Its relative inexpen-
iveness and eco-friendliness have made it an attractive method
or water and soil remediation [8]. Some terrestrial plant species

uch as Agrostis castellana; Agrostis delicatula [9], Bidens cynapiifolia
10], Chinese brake fern (Pteris vittata L.) [11] and silver fern (Pity-
ogramma calomelanos L.) [12] have been reported to accumulate
ignificant fractions of arsenic from soil. In particular, Chinese brake

∗ Corresponding author. Tel.: +81 76 234 4792; fax: +81 76 234 4792.
E-mail address: hhiroshi@t.kanazawa-u.ac.jp (H. Hasegawa).
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on Fe-plaques of plant surfaces as well. The S. polyrhiza L. uses different

© 2008 Elsevier B.V. All rights reserved.

ern accumulates a formidable quantity of arsenic from soil [12,13]
nd stores in the fronds [12,14]. The arsenic hyperaccumulating
errestrial plants are considered for soil remediation. However,
estoration of contaminated waters of ponds, lacks and ditches as
ell as irrigation water remains unresolved. Aquatic macrophytes

ould be a good tool for the environmentally sound and effec-
ive remediation of arsenic contaminated waters [15,16]. Hence, we
nvestigated the possible use of duckweed in aquatic phytoremedi-
tion.

In the present study, duckweed (Spirodela polyrhiza L.) was
elected because of its fast growth, wide distribution, short life
pan and stability to the large-scale environmental changes [17,18].
he plant commonly grows in inland small water bodies such as
onds, lacks, ditches in Bangladesh and West Bengal, India into
hich arsenic contaminated water from hand tube wells (used for
ousehold necessity) and shallow tube wells (used for irrigation) is
rained. Moreover, duckweed (S. polyrhiza L.) grows in the rice fields
f South Asian countries where arsenic contaminated groundwa-
er is the main source of irrigation during dry season. The plant is

lso beneficial to rice cultivation as it suppressed or reduce weed
rowth in the rice field.

Arsenate and arsenite are bioavailable inorganic forms of arsenic
n aquatic systems [19]. The dynamics of arsenate exchange
etween water and adsorbing colloids are analogous to those

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hhiroshi@t.kanazawa-u.ac.jp
dx.doi.org/10.1016/j.jhazmat.2008.03.022
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f phosphate, though the competition for exchange sites favors
hosphate over arsenate [20]. Arsenate and dimethylarsinic acid
DMAA) are the major species of arsenic in toxic aquatic systems
21]. Uptake behavior of these two arsenic species could reflect the
nfluence of inorganic and organic arsenic species and their inter-
ctions with PO4

3− and Fe ions. The comparison between inorganic
arsenate) and organic (DMAA) arsenic species uptake is important
ecause of their limit of toxicity too.

In nature, wetland plants form dense root networks in upper
etland sediments and, under flooded conditions, pump oxygen to

heir roots for respiration [22]. Thus, oxygenation of the rhizosphere
y wetland plants leads to precipitation of iron (oxyhydro)-oxides
n the rhizosphere and on the roots of plants [23]. Precipitation
f iron (oxyhydro)-oxides on roots of aquatic plants has also been
eported in literatures [24]. Due to the high adsorptive affinity of
rsenate for iron hydroxides, Fe-plaque formation on root surface
f aquatic plants might be significant in the uptake of arsenic by
he plants. In the present study we reported the uptake of arsen-
te and DMAA in duckweed (S. polyrhiza L.) and their interactions
ith PO4

3− and Fe ions. The contribution of Fe-plaque formation
n plant’s surfaces in the arsenic uptake has also been discussed.

. Materials and methods

.1. Conditions for plant cultivation

The S. polyrhiza L., collected from a rice field in Manikgonj of
haka, Bangladesh, was bring to Japan and stock-cultured in green
ouse for 2 weeks. Then, the plants were rinsed three times with
eionized (DI) water and transferred to growth chamber. In the
rowth chamber, the experiment was conducted with the condi-
ions being set as 14/10 h light/dark schedule, 100–125 �E m−2 s−1

ight intensity, 75% humidity, 22 ◦C and 20(±2) ◦C temperatures for
ay and night, respectively.

Modified standard Murashige and Skoog (MS) culture solution
as used as growth medium in the experiment (Table 1). The con-

rol culture solution contained 0.02 �M PO4
3− and other culture

olutions were prepared by modifying the PO4
3− concentration to

00 or 500 �M. Three test concentrations (1.0, 2.0 and 4.0 �M) of
ither arsenate or DMAA were added to the modified MS culture

olutions. The pH of the solution was adjusted to 6.0 using 0.1 M
OH or 0.1 M HCl.

Before inoculation, S. polyrhiza L. from the stock-culture were
insed for three times with DI water. About 100 ml of cul-
ure solution was taken into 200-ml polystyrene test vessels

able 1
odifieda Murashige and Skoog (MS) nutrients for Spirodela polyrhiza L. hydro-

honic culture medium

utrients Concentration (mg l−1)

NO3 1900
H4NO3 1650
aCl2·2H2O 440
gSO4·7H2O 370

2HPO4 Modifieda

eSO4·7H2O 27.80
nSO4·5H2O 22.30

nSO4·7H2O 8.60
3BO3 6.20
I 0.83
a2MoO4·2H2O 0.25
uSO4·5H2O 0.025
oCl2·6H2O 0.025
a2-EDTA 37.30

a The control solution contained 0.02 �M PO4
3− and the modifications of the

olutions were 100 and 500 �M of PO4
3− . The pH of the solution was adjusted to

.0.

f
w
p
F
l
b
t
a
d
p
R

a
d
t
s
w
i
m
c
l
w

g

s Materials 160 (2008) 356–361 357

118 mm × 86 mm × 60 mm). About 120 individual plants were
noculated in each of the test vessels. The experiment was arranged
ollowing the randomized design (RD) with three replicates.
tock solutions of arsenate and DMAA were made by dissolving
a2HAsO4·7H2O and (CH3)2AsO2Na·3H2O in DI water, respectively.
rsenic stock solutions were added to the cultures before inocula-

ion. The plants were grown for 12 days. Changes in the volume of
ultures from evaporation and accumulation were compensated by
dding DI water every 2 days throughout the experiment.

.2. Iron plaque induction

A separate experiment was conducted to investigate the role of
ron plaque on arsenic uptake in S. polyrhiza L. Plants were grown
n 1.5 l of DI water for 24 h before iron plaque induction to mini-

ize interferences from other elements with iron. They were then,
ransferred into 1 l of the MS solution containing 0.36 mM of iron as
eSO4·7H2O and grown for 2 days. The pH of solution was adjusted
o 6.0 using either 0.1 M KOH or 0.1 M HCl. The specified standard
oncentration of phosphate for MS culture solution was not modi-
ed. After 2 days in high iron medium, plants were inoculated into
S culture solution for 12 days as described in the previous section,
ith 6.0 �M of either arsenate or DMAA.

.3. CBE-extraction of Fe-plaques

Iron plaques from plant surfaces were extracted using citrate–
icarbonate–ethylenediaminetetraacetate (CBE)-technique, a
odification of dithionite–citrate–bicarbonate (DCB)-extraction
ethod of Taylor and Crowder [25] and Otte et al. [26]. The CBE

olution was prepared from 0.03, 0.125 and 0.050 M of sodium
itrate, sodium bicarbonate and EDTA, respectively. Plants were
reated with 30 ml of CBE solution for 60 min at room temperature.
he plants were then, rinsed with DI water for three times, and the
insed water was added to the CBE-extracts to make a total volume
f 50 ml.

.4. Sample preparation and chemical analysis

All plants were harvested after 12 days of inoculation. After rins-
ng with DI water for four times, the plant samples were kept on
lean absorbent paper to remove the water from the plant sur-
aces. The samples were dried at 65 ◦C until they reached a constant
eight. Then, 0.10–0.20 g of dried samples was taken into 50-ml
olyethylene tubes (DigiTubes, SCP Science, Canada) for digestion.
ive milliliters of 65% HNO3 were added to the sample and then,
eft to incubate for 12 h. The samples were heated on a heating
lock (DigiPREP, SCP Science, Canada) at 95 ◦C for 2 h. After cooling
o room temperature, 3 ml of 30% hydrogen peroxide were added
nd the samples were heated again at 105 ◦C for 20 min. Then, the
igests were diluted to 10 ml with DI water and taken into 15-ml
olyethylene bottles (HDPE, NALGENE®, Nalge Nunc International,
ochester, NY) in readiness for analysis.

Arsenic and iron were analyzed using graphite-furnace atomic
bsorption spectrometer (GF-AAS, Z-8100, Hitachi, Japan). For the
etermination of arsenic, 5 �l of 0.05 M nickel nitrate was added
o a 10-�l sample into the cuvette as matrix modifier. Certified
tandard reference material 1573a (tomato leaf from NIST, USA)
as used to check the accuracy of analysis. Arsenic concentration

n certified reference material was 0.112 ± 0.004 �g g−1 while the
easured arsenic concentration was 0.123 ± 0.009 �g g−1. The con-
entrations detected in all samples were above the instrumental
imits of detection (≥0.01 �M in samples in water). Total phosphate
as determined spectrophotometrically [27].

All chemical reagents used in this experiment were of analytical
rade. Glassware and dishes were washed with detergent solution,
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PO4 and competes with it for uptake carriers in the plasmalemma
[18]. Mkandawire and Dudel [15] proposed the arsenate uptake in
Lemna gibba L. might occur through the phosphate uptake pathway
due to similar chemical behavior of AsO4

3− and PO4
3−. The present

findings suggest the same for S. polyrhiza L.
ig. 1. Arsenate uptake in S. polyrhiza L. affected by the PO4
3− concentrations in cul-

ure solution. Each point is the average of three replicates. Error bars represent ± S.D.
n = 3).

M HCl and finally rinsed with DI water for eight times before
se. In each analytical batch, at least two reagent blanks and three
eplicate samples were included.

.5. Data analysis

Bioaccumulation of arsenic by S. polyrhiza L. was determined on
ry weight basis [18]. The experimental data were statistically ana-

yzed for mean separation of different arsenic treatments according
o the least significant difference (LSD) at 5% level by IRRI-STAT 4.0
or windows (developed by the Biometrics unit, IRRI, Philippines)
nd the Pearson correlation coefficient (r) was calculated by SPSS®

tatistical package.

. Results and discussion

.1. Accumulation of As species in S. polyrhiza L.

The accumulation of arsenic in S. polyrhiza L. from arsenate treat-

ent is presented in Fig. 1, where as the accumulation from DMAA

reatment is presented in Fig. 2. The results show that S. polyrhiza
. accumulated about 51-fold arsenic, when the plants were inoc-
lated in arsenate solution compared to that in DMAA solution.

ig. 2. DMAA uptake in S. polyrhiza L. affected by the PO4
3− concentrations in culture

olution. Each point is the average of three replicates. Error bars represent ± S.D.
n = 3).
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rsenic contents in tissues had a strong positive correlation with
he initial concentrations of arsenate in culture solutions (r = 0.979;
< 0.001 at 95% confidence interval).

.2. Influence PO4
3− on As uptake

The accumulation of arsenic in S. polyrhiza L. decreased sig-
ificantly with the increase of the phosphate concentration in
he culture solutions for all three arsenate concentrations (Fig. 1).

hen the concentration of PO4
3− in the culture solution was

ncreased from 0.02 to 500 �M with a constant arsenate con-
entration (4.0 �M), arsenic accumulation into the S. polyrhiza L.
ecreased by 68%. The result implies the suppression of arsenic
ptake in S. polyrhiza L. by phosphate from arsenate solution.

Mkandawire and Dudel [15] reported 0.26 and 1.45 �mol g−1 dry
eight of arsenic accumulation in fronds of Lemna gibba L. (lesser
uckweed), when the PO4

3− concentrations in arsenate treated
ulture solution were 421 and 0.014 �M, respectively. In another
tudy, Mkandawire et al. [20] observed that arsenic accumula-
ion decreased by 28–32%, when PO4

3− concentration in arsenate
reated culture solution was increased from 0.014 to 421 �M. The
mpact of increasing phosphate concentration in culture solutions
as similar to that of present experiment. Thus, the magnitude of

rsenic accumulation in S. polyrhiza L. in relation to PO4
3− concen-

rations in culture solution with arsenate is comparable with that in
emna gibba L. This might be because AsO4

3− is a sorption analog of
3−
ig. 3. Relationship between arsenic and phosphate uptake in S. polyrhiza L. when
he plant was exposed to arsenate (a) and DMAA (b).
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In contrast, arsenic accumulation was not affected with the
ncrease of phosphate concentration in DMAA solution (Fig. 2). The
esults imply that the arsenate uptake into the aquatic macrophyte
s related to the phosphate concentration in the culture solution,

hile DMAA uptake was not.

.3. Effect of As species on PO4
3− uptake

Phosphorus uptake in S. polyrhiza L. decreased significantly
p < 0.001) with the increase of arsenate concentrations in culture
olutions, while DMAA had no significant effect (p > 0.05) on its
ptake. Pearson correlation analysis revealed a strong negative rela-
ionship between the arsenate concentration in culture solutions
nd phosphate concentration in plant tissues (r = −0.994; p < 0.001
t 95% confidence interval). On the other hand, the correlation was
ot significant (r = −0.220; p > 0.05 at 95% confidence interval) for
MAA. De La Rosa et al. [28] reported the reduction of phosphate
ptake into tumbleweed (Salsola kali), when the plant was exposed
o arsenate.

Fig. 3 shows the relationship between arsenic and phosphate
oncentrations in S. polyrhiza L. The correlation between arsenic
nd phosphate concentrations (r = −0.982; p < 0.001 at 95% confi-
ence interval) in S. polyrhiza L. was stronger and negative, when
he plants were exposed to arsenate solution (Fig. 3a). On the other
and, the correlation was very poor (r = −0.281; p > 0.05 at 95% con-
dence interval), when the plants were exposed to DMAA solution
Fig. 3b). The results suggest that the phosphate uptake into the
quatic macrophyte might be inhibited by arsenate while its uptake

as not influenced by DMAA. The reduction of phosphate uptake
ight be due to the desorption of arsenate from iron plaque of plant

urfaces. Barrow [29] investigated As(V) and P competitive adsorp-
ion in soil and found that, though As(V) desorbed some previously
dsorbed P, a substantial portion of the bound P was not displaced

a
p
s
w

ig. 4. Correlation between arsenic and iron concentrations in S. polyrhiza L. when the p
O4

3− , 100 �M (b, B); PO4
3− , 500 �M (c, C).
s Materials 160 (2008) 356–361 359

y As(V).

.4. Influence of Fe on As species uptake

Iron concentrations were positively correlated with those of
rsenic (r = 0.662; p = 0.019 at 95% confidence interval) in S.
olyrhiza L. exposed to arsenate solution. On the other hand, iron
oncentrations did not correlate with those of arsenic (r = 0.031;
= 0.923 at 95% confidence interval) in plants exposed to DMAA

olution. Robinson et al. [30] also reported positive correlation
etween arsenic and iron concentrations in aquatic plants because
rsenic could be adsorbed by iron oxides on plant surfaces. How-
ver, which species of arsenic predominated in such adsorption was
ot clear from their study. The present study suggest that inorganic
rsenic species are more likely to be adsorbed on Fe-plaques on S.
olyrhiza L. Blute et al. [23] reported that arsenate correlated posi-
ively with iron in plaque and negatively with iron adsorbed on the
oots of Typha latifolia (cattail) growing on arsenic contaminated
etland sediments. According to Blute et al. [23], the ferric plaque
as predominantly Fe(III) oxyhydroxide, and arsenate accounted

or 80% of the total adsorbed arsenic. Adsorption of arsenic on fer-
ic iron inhibited the mobility of arsenic into the roots. Another
eport [31] suggested the same mechanism for arsenic retention by
ice root.

.5. Influence of PO4
3− on As adsorption on Fe-plaque of plant

urfaces
Arsenic and iron concentrations in plants grown in solution with
rsenate and lower phosphate were highly correlated (r = 0.994;
< 0.001 at 95% confidence interval) (Fig. 4a). But they were not

ignificantly correlated when the plants were grown in solution
ith higher phosphate (r = −0.220 and −0.461 for 100 and 500 �M

lant was exposed to arsenate (above) and DMAA (below). PO4
3− , 0.02 �M (a, A);
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Table 2
Arsenic and iron concentrations into the tissues of S. polyrhiza L. and Fe-plaques of the plant surfaces grown for 12 days in solution containing 6.0 �M arsenica

As treatments in solutions �mol As (g dry weight)−1 �mol Fe (g dry weight)−1

Plant tissues CBE-extracts Plant tissues CBE-extracts

Control 0.04 ± 0.01 c 0.02 ± 0.00 c 65.2 ± 0.2 a 914 ± 3 a
A 0.8
D 0.0
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rsenate 1.08 ± 0.12 a
MAA 0.05 ± 0.02 b

a Different letters indicate significant differences (p < 0.05) between treatments a

f PO4
3− in solutions, respectively; p > 0.05) and the same arsenic

pecies (Fig. 4b and c). This might attribute to the adsorption of arse-
ate on iron plaques of plant surfaces in lower phosphate solution,
hich was desorbed by phosphate in higher phosphate solution.

The adsorption of phosphate on iron plaque has been reported
y Zhang et al. [32]. They demonstrated that the amounts of phos-
horus accumulated in iron plaque were correlated positively to
he amount of iron plaque on roots. Therefore, iron plaque on roots

ight act as a phosphorus pool. Beside this, there are contradic-
ory reports on the effects of iron plaque on phosphorus uptake
y plant [26,33,34]. The reasons for such opposite results that iron
laque affect phosphorus uptake may be due to the different plant
pecies and the amount of iron plaque, especially to the latter.
hang et al. [32] reported that the phosphorus concentration in
hoots of rice increased by 72% with the increase of iron plaque
rom 0.22 to 24.5 mg g−1 dry root weight. But higher plaque depo-
ition (28.3 mg g−1 dry root weight) on rice root surface decreased
hosphate concentration.

Though Zhang et al. [32] demonstrated the adsorption of phos-
hate on Fe-plaques of plant’s root surface the role of phosphate is
ot clear from their study. The present study suggests that arsenate
dsorbed on iron plaques of plant surfaces might be desorbed by
hosphate at higher concentration.

.6. Comparison between internalized and surface adsorbed As

Physico-chemical adsorption, a different mechanism for arsenic
ccumulation into aquatic plants, has been proposed in the liter-
ture Robinson et al. [30]. In this mechanism, suspended oxides
f iron (Fe-plaques) on the root and lower surface of the fronds of
quatic plants adsorb arsenic.

To understand the arsenate adsorption on iron plaques, iron
laques were induced on S. polyrhiza L. surfaces before expose them
o the arsenic species. Arsenic concentrations in plant tissues and
ron plaques (CBE-extracts) were determined separately. Results
howed that when S. polyrhiza L. was exposed to 6.0 �M arsenate,
.86 ± 0.06 �mol g−1 dry weight of arsenic was adsorbed on iron
laques of plant surfaces. On the other hand, arsenic concentration
as 1.08 ± 0.12 �mol g−1 dry weight into the plant tissues (Table 2).

he result shows that about 56% of the total arsenic is distributed
nto the plant tissues compared to 44% in Fe-plaques. However, sig-
ificantly higher concentration of iron (547 ± 5 �M g−1 dry weight)

n CBE-extracts compared with plant tissues (69.3 ± 1.0 �M g−1 dry
eight) (Table 2) confirms the formation of iron plaques on plant

urfaces. The current results imply that adsorption of arsenate on
e-plaque of the surface of S. polyrhiza L. contributes to arsenate
ptake significantly.

There was no significant correlation between DMAA and phos-
hate concentrations in S. polyrhiza L. (Fig. 3b). Moreover, DMAA
nd iron concentrations in plants did not correlate significantly

p > 0.05) in neither low nor high phosphate solutions (Fig. 4A–C). It
uggests that the accumulation of DMAA might not correlate with
hosphate accumulation. Arsenic concentrations in Fe-plaques and
lant tissues were low and did not differ significantly, when the
lants were exposed to DMAA (Table 2). The results imply that

[

[

6 ± 0.06 a 69.3 ± 1.0 a 547 ± 5 b
8 ± 0.03 b 50.2 ± 0.5 b 484 ± 5 c

ing to the least significant difference (LSD).

MAA less adsorbed to Fe-plaques on the plant surface and Fe has
ore effect on As uptake from inorganic arsenic sources.

. Conclusion

The results of the present study show that not only internalized,
ut also surface adsorbed arsenic (mostly arsenate) contributes
ignificantly to the total amount of arsenic uptake in aquatic macro-
hyte S. polyrhiza L. Thus, it could be suggest that arsenic uptake

n S. polyrhiza L. occurred through the phosphate uptake pathway
s well as by physico-chemical adsorption on Fe-plaques of plant’s
urfaces. The arsenate uptake in the plant is related to the Fe ion and
hosphate concentrations in culture medium while DMAA was not.

t is well reported in many previous studies that arsenate compete
ith phosphate for uptake carriers in the plasmalemma, which is

lso consistent to the present study. But the current study reports
hat higher phosphate concentration in the culture medium might
esorbs arsenate from iron plaques of plant surfaces.
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