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a b s t r a c t

The rootless duckweed Wolffia globosa can accumulate and tolerate relatively large amounts of arsenic
(As); however, the underlying mechanisms were unknown. W. globosa was exposed to different
concentrations of arsenate with or without L-buthionine sulphoximine (BSO), a specific inhibitor of g-
glutamylcysteine synthetase. Free thiol compounds and As(III)ethiol complexes were identified and
quantified using HPLC e high resolution ICP-MS e accurate mass ESI-MS. Without BSO, 74% of the As
accumulated in the duckweed was complexed with phytochelatins (PCs), with As(III)ePC4 and As(III)
ePC3 being the main species. BSO was taken up by the duckweed and partly deaminated. The BSO
treatment completely suppressed the synthesis of PCs and the formation of As(III)ePC complexes, and
also inhibited the reduction of arsenate to arsenite. BSO markedly decreased both As accumulation and
As tolerance in W. globosa. The results demonstrate an important role of PCs in detoxifying As and
enabling As accumulation in W. globosa.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Arsenic (As) is a class-one carcinogen (National Research
Council, 2001). Arsenic contamination in the environment is
widespread due to both geogenic and anthropogenic activities.
Globally 150million people are exposed to unsafe levels of As in the
drinking water (Brammer and Ravenscroft, 2009). In addition to
drinking water, food, especially rice, is also an important source of
inorganic As in the diet of some populations (Meharg et al., 2009;
Zhu et al., 2008). The common practice of irrigating paddy rice
with As-contaminated groundwater in south and southeast Asia
may lead to further elevation of As in the food chain (Dittmar et al.,
2010; Meharg and Rahman, 2003). Mitigation of As contamination
in the environment and in the food chain requires a better under-
standing of the As biogeochemcal cycle, including the processes of
As accumulation and detoxification in the biota (Zhao et al., 2010b).

In aquatic environments or paddy fields, aquatic plants with
a high capacity to accumulate As may be used to clean up the
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contaminant in the water (Rahman and Hasegawa, 2011). Arsenic
accumulation has been investigated in a number of aquatic
macrophytes (Rahman and Hasegawa, 2011; Robinson et al., 2006;
Srivastava et al., 2007; Zhang et al., 2008). W. globosa L., a rootless
duckweed widely distributed in ponds and paddy fields, was found
to be a strong accumulator of As with a relatively high tolerance to
the metalloid (Zhang et al., 2009); both of these characteristics are
prerequisite for efficient phytoremediation. However, the mecha-
nism of As tolerance in this macrophyte was unknown.

The mechanisms of As tolerance have been extensively studied
in terrestrial plants (reviewed by Zhao et al., 2009). Plants are able
to take up both arsenate (As(V)) and arsenite (As(III)) via phosphate
transporters and some aquaporin channels, respectively. Both
forms of As are toxic to cellular metabolism; arsenate interferes
with phosphate metabolism such as phosphorylation, whilst arse-
nite can inactivate enzymes by binding to the sulphydryl groups of
the proteins (Hughes, 2002; Ullrich-Eberius et al., 1989). Detoxifi-
cation of As may involve reduction of arsenate to arsenite, efflux of
arsenite to the external medium, complexation of arsenite by thiol-
rich peptides and compartmentation of As(III)ethiol complexes in
the vacuoles (Zhao et al., 2009). There is strong evidence that
phytochelatins (PCs) play a crucial role in arsenite detoxification in
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terrestrial plants. PC-deficient mutants of Arabidopsis thalianawere
found to be much more sensitive to As than the wild-type plants
(Ha et al., 1999; Liu et al., 2010). Over-expression of PC synthase
enhanced As tolerance in the transgenic plants (Gasic and Korban,
2007; Guo et al., 2008; Li et al., 2004). In contrast, use of L-
buthionine sulphoximine (BSO) to inhibit the synthesis of gluta-
thione (GSH) and PCs resulted in greatly increased sensitivity to As
in a number of plant species (Schat et al., 2002; Schmöger et al.,
2000). Recent studies have also identified a number of As(III)e
thiol complexes in plant extracts (Bluemlein et al., 2008; Liu
et al., 2010; Raab et al., 2007). Furthermore, two ABC transporters
able to mediate the transport of As(III)ePCs into the vacuoles have
recently been identified in Arabidopsis (Song et al., 2010). Unlike As
non-hyperaccumulating plants, As hyperaccumulating ferns (e.g.,
Pteris vittata) appear to employ a PC-independent mechanism of As
detoxification, with only a very small proportion of the As taken up
being complexed with PCs (Raab et al., 2004; Webb et al., 2003;
Zhang et al., 2004; Zhao et al., 2003). In these plants, arsenate is
reduced to arsenite, which is sequestered in the vacuoles mostly in
the non-complexed form (Lombi et al., 2002; Pickering et al., 2006),
probably via the tonoplast arsenite transporter PvACR3 (Indriolo
et al., 2010). The mechanisms of As tolerance in aquatic macro-
phytes are not well understood. Studies with the Esthwaite
waterweed Hydrilla verticillata showed that As exposure was
accompanied by increased PC synthesis and that increasing the
sulphur supply enhanced As tolerance as well as As accumulation
(Srivastava and D’Souza, 2009; Srivastava et al., 2007).

The objectives of this study were to identify and quantify
As(III)ethiol complexes and to investigate the role of thiol-rich
peptides in As tolerance and accumulation in W. globosa.

2. Materials and methods

2.1. Plant culture

W. globosa L. was collected fromWuhan, Hubei province, China, and maintained
in a half-strength Hoagland nutrient solution. Progeny from this original stock was
used in the present study. Plants were grown in the half-strength Hoagland solution
for 3 weeks before being used in experiments. The composition of the nutrient
solutionwas as follows: 2mMCaNO3, 3mMKNO3,1mMMgSO4, 0.5 mMNH4H2PO4,
100 mM FeeEDTA, 46 mM H3BO3, 9 mM MnCl2, 0.75 mM ZnSO4, 0.35 mM CuSO4 and
0.55 mMNa2MoO4 (pH adjusted to 6.0 with KOH or HCl solutions). Nutrient solution
was renewed twice every week. The hydroponic culture and all experiments were
conducted inside a controlled-environment growth chamber with the following
conditions: 14 h light period d�1 with a light intensity of c. 280 mmol m�2 s�1, 25 :
20 �C day : night temperatures, and 70% relative humidity.

2.2. Arsenate accumulation, speciation and tolerance in W. globosa

After preculture for 3 weeks, W. globosa plants were transferred to 28 pots
(80 ml, 3 g plant material per pot) and treated with 500 mM L-buthionine sul-
phoximine (BSO) for 5 d; another group of 28 pots not treatedwith BSO served as the
control. Thereafter, plants in both groups were exposed to 0, 1, 5, 10, 30, 50, 100 mM
arsenate (Na3AsO4) for 5 d, with or without 500 mMBSO. Each As and BSO treatment
was replicated in four pots. After 5 day exposure, plants were harvested, washed
with deionized water, and then immersed in an ice-cold desorption solution con-
taining 1 mM K2HPO4, 0.5 mM Ca(NO3)2, and 5 mM MES (pH 5.5) for 15 min to
remove apoplastic As. Plants were blotted dry, weighed, frozen in liquid nitrogen
and freeze-dried. The concentrations of total As and As speciation were determined
as described below.

2.3. Arsenate uptake and arsenite efflux

Four replicates of 3 g W. globosa were treated with 200 ml 500 mM BSO for 3 d;
another group was not treated with BSO. Three days later, plants were exposed to
5 mM arsenate, with or without 500 mM BSO. Aliquots of 0.5 ml nutrient solution
were collected at 1, 5, 10 and 24 h, diluted with 4.5 ml phosphate-buffered solution
(PBS, 2 mM NaH2PO4 and 0.2 mM Na2eEDTA, pH 6.0), and filtered through 0.45 mm
before analysis of As speciation. Arsenate uptake and arsenite efflux were calculated
from the decrease of arsenate and the appearance of arsenite in the nutrient solu-
tion, respectively. After 24 h, plants were harvested for total As and As speciation
analysis as described below. To evaluate the potential role of microorganisms versus
W. globosa in mediating arsenate reduction in the uptake solution, arsenate (5 mM)
was added to three solutions: fresh nutrient solution without W. globosa, fresh
nutrient solutionwith 3 gW. globosa, and old nutrient solution that had been used to
grow W. globosa for 3 days and with the duckweed subsequently removed. Each
treatment was replicated in 4 pots. Arsenic speciation in the nutrient solutions was
monitored at 1, 5, 10 and 24 h.

2.4. Arsenite complexation with thiol compounds

W. globosa (3 g) was incubated in 50 ml nutrient solution with the phosphate
concentration being lowered to 0.05 mM. Four replicates were treated with 500 mM
BSO for 3 d and another group was not treated with BSO. Three days later, plants
were exposed to 10 mM arsenatewith or without 500 mMBSO for 4 days. Plants were
harvested and As(III)ethiol complexes and free thiol compounds determined as
described below.

2.5. Analysis of total As in plant tissues

Ground plant samples were digested in 5 ml high-purity HNO3/HClO4 (87/13, v/
v). Total As concentrations in the digests were determined by ICP-MS (Agilent
7500ce) operating in the helium gas mode to remove possible interference of
40Ar35Cl on m/z 75.

2.6. Analysis of As speciation in plant tissues

Samples were ground in liquid nitrogen to fine powderwith amortar and pestle.
Samples (0.1 g) were extracted with 10 ml PBS solution for 1 h under sonication. The
extract was filtered through Whatman NO. 42 filter paper and then a 0.2 mm filter.
The efficiency of As extraction by PBS was approximately 60%. Arsenic speciation
was determined by anion-exchange HPLC-ICP-MS (Agilent LC1100 series and Agilent
ICP-MS 7500ce; Agilent Technologies). Chromatographic columns consisted of
a Hamilton precolumn (11.2 mm, 12e20 mm) and a Hamilton PRP-X100 10 mm
anion-exchange column (150 � 4.1 mm). As species [As(III), As(V), DMA, and MMA]
were separated with a mobile phase of 4.4 mM NH4H2PO4 and 4.4 mM NH4NO3,
0.2 mM EDTA and 2.5% (v/v) methanol (pH 6.2), run isocratically at 0.65 mL min�1.
Germanium (Ge) as an internal standard was mixed continuously with the post-
column solution through a peristaltic pump. Signals at m/z 75 (As) and 72 (Ge)
were collected with a dwell time of 300 and 100 ms, respectively. Possible poly-
atomic interference of 40Ar35Cl on m/z 75 was removed by the Agilent Octopole
Reaction System operating in the helium gas mode. The As signal was normalized
using the Ge signal to correct any signal drift during the analysis. As species in the
samples were identified by comparisons with the retention times of standard
compounds and quantified by external calibration curves with peak areas. Analysis
of As species was carried out immediately following sample collection or extraction.

2.7. Analysis of thiol compounds and As(III)ethiol complexes

For the analysis of As(III)ethiol complexes and free thiols, duckweed samples
were ground in liquid nitrogen to fine powder with a mortar and pestle. Samples
(1 g) were then transferred to 15-ml Grenier tubes, to which 5 ml ice-cold 1% formic
acid was added. Samples were extracted at 4 �C for 1 h, with intermittent shaking by
hand. Samples were subsequently centrifuged at 890g for 3 min after extraction.
Approximately 1ml of supernatant was then transferred to an Eppendorf vial, where
the supernatant was further centrifuged at 7550 g for 5 min and used for speciation
analysis. Analysis of As(III)ethiol complexes and free thiol compounds was carried
out using HPLC coupled with high resolution ICP-MS (Element 2; Thermo Fisher
Scientific) and high resolution ESI-MS (LTQ Orbitrap Discovery; Thermo Fisher
Scientific), as described previously (Bluemlein et al., 2009; Liu et al., 2010). Sepa-
rationwas performed on a C18 reverse-phase column (Eclipse XDB-C18, 5 mm), using
a water-methanol gradient. Starting from 100% water, methanol was added to the
eluent at the rate of 1% per min over the first 20 min. The eluent was held at 80%
water/20%methanol for a further 10 min, followed by switching back to 100% water.
Total chromatographic run time was 30 min. For the ICP-MS analysis, As and S were
measured on m/z 75 and 32, respectively. Germanium was added post-column as
internal standard for the ICP-MS, and its signal wasmeasured onm/z 72. For As and S
quantification, a blank run was done for response factor (Rf) determination with
a post-column addition of As, S and Ge. To account for the change in the sensitivity
due to the methanol gradient, each chromatographic run was divided by the
response factor run. These normalized chromatograms were used for peak inte-
gration with PeakFit and subsequent quantification. According to a previous study
with sunflower plants (Raab et al., 2005), the method used extracted 70e90% of the
total As and the column recovery was appropriately 90%. The As speciation deter-
mined by themethod usedwas found to be in good agreementwith that determined
by non-destructive X-ray absorption spectrometry (Bluemlein et al., 2008).

2.8. Data analysis

All data were subjected to analysis of variance (ANOVA) using windows-based
SPSS 13.0.
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Fig. 2. Effects of L-buthionine-sulfoximine (BSO) and arsenate exposure on arsenic
concentration in Wolffia globosa. Data are mean � SE (n ¼ 4).
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3. Results

3.1. The effects of BSO on arsenic accumulation, speciation and
tolerance

In the 0 and 1 mMarsenate treatments, the biomass ofW. globosa
increased by 5e7% during the exposure period, whereas in the high
arsenate treatments (�5 mM), the biomass decreased to below the
initial amount (3 g) because some of the duckweed died and sank to
the bottom of the vessel (Fig. 1). Therefore, the biomass data reflect
the growth in the zero and low As treatments and the survival in
the high As treatments. In the 0 and 1 mM arsenate treatments, the
presence of BSO did not significantly affect the biomass of
W. globosa (Fig. 1). However, with increasing arsenate concentra-
tion, biomass decreasedmore rapidly in the presence of BSO than in
the �BSO control, except in the highest arsenate treatment
(100 mM) in whichW. globosa suffered from severe As toxicity both
with andwithout BSO. From the fitted doseeresponse curve (Fig.1),
the concentration of arsenate in the nutrient solution leading to
a 20% inhibition (EC20) was estimated to be 52.3 and 11.5 mM,
respectively, in the absence or presence of BSO, indicating a 4.5 fold
increase in the arsenate sensitivity with the addition of BSO.

Tissue As concentration increased significantly (P < 0.001) with
increasing concentration of arsenate in the �BSO treatment,
reaching a plateau of 755 mg As kg�1 DW in the 50 mM arsenate
treatment (Fig. 2). Increasing arsenate to 100 mM did not lead to
further increase in As accumulation by the duckweed, possibly due
to severe toxicity. The presence of BSO decreased the tissue As
concentration dramatically (P< 0.001), by up to 7 fold in the 50 mM
arsenate treatment.

The biomass of W. globosa was plotted against the total As
concentration in the duckweed tissue in order to evaluate the effect
of BSO on the tolerance to the internal As (Fig. 3). This shows
a much more rapid decline in biomass with increasing tissue As
concentration in the presence of BSO than in the�BSO treatment. A
20% inhibition of biomass was obtained at tissue As concentrations
of 785 and 54 mg kg�1 DW in the �BSO and þBSO treatments,
respectively, suggesting a 14.5 fold difference in tolerance.

BSO not only affected As accumulation inW. globosa, but also As
speciation in the duckweed. In the absence of BSO, 93e98% (mean
96%) of the As in W. globosa was present in the form of As(III)
(Fig. 4), indicating a strong arsenate reduction capacity. In the
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Fig. 1. Effects of L-buthionine-sulfoximine (BSO) and arsenate exposure on the biomass
of Wolffia globosa. Data are mean � SE(n ¼ 4). Lines are the fitted Sigmoidal curves. To
allow log transformation, a small value (0.1) was added to the zero As concentration in
the control treatment.
presence of BSO, the proportion of As(III) in the duckweed tissue
decreased to 57e84% (mean 71%). No methylated As species was
detected in the W. globosa samples.

3.2. BSO effects on arsenate uptake and arsenite efflux

To investigate whether BSO affects arsenate uptake and/or
arsenite efflux directly, a time-course experiment was conducted to
monitor the changes in As speciation in the uptake solution which
initially contained only arsenate. During the 24 h time course, the
concentration of arsenate in the nutrient solution decreased while
that of arsenite increased (Fig. 5). There was no significant differ-
ence in the pattern of As species change between the �BSO
and þBSO treatments during the initial 10 h; at 10 h approximately
25% of the As in the nutrient solution was in the form of As(III).
Arsenate uptake and arsenite efflux continued up to 24 h in
the �BSO treatment, but appeared to have stopped after 10 h in
the þBSO treatment. At 24 h, As(III) accounted for 54% of the total
As in the nutrient solution in the �BSO treatment, compared with
only 20% in the þBSO treatment.

It is possible that the reduction of arsenate to arsenite in the
uptake solution might be mediated by the microorganisms. To test
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Fig. 3. Relationship between the biomass of Wolffia globosa and tissue arsenic
concentration after 5 days exposure to different concentrations of arsenate with or
without BSO treatment. Lines are the fitted sigmoidal curves.



-BSO

Solution arsenate concentration (µM)

0 1 5 10 30 50 100

As
 c

on
ce

nt
ra

tio
n 

(m
g 

kg
-1

 D
W

)

0

100

200

300

400

500

600

700

As(III)
As(V)

+BSO

Solution arsenate concentration (µM)

0 1 5 10 30 50 100

As
 c

on
ce

nt
ra

tio
n 

(m
g 

kg
-1

 D
W

)

0

100

200

300

400

500

600

700

As(III)
As(V)

Fig. 4. Arsenic (As) speciation in Wolffia globosa after exposure to different arsenate concentrations for 5 days treated with BSO or without BSO.
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this possibility, arsenate reduction was monitored in fresh nutrient
solution with or without W. globosa, as well as in an old nutrient
solution that had been used to grow W. globosa, which would have
enhanced microbial activities. Over the 24 h period, arsenate was
not reduced to arsenite in the fresh nutrient solution without
W. globosa (Supplementary Fig. S1). In the presence of W. globosa,
a substantial amount of arsenate was reduced to arsenite in the
solution. In contrast, only a very small amount of arsenate was
reduced to arsenite in the old nutrient solution but without
W. globosa; the amount of arsenite produced during 1e24 h was
�7% of that in the presence of W. globosa (Supplementary Fig. S1).
In both the fresh solution with W. globosa and the old solution
without W. globosa, the decrease in arsenate concentration was
more than the increase in arsenite concentration, likely due to the
uptake of As by the duckweed in the former or some adsorption of
arsenate by the debris in the latter. These results indicate that the
reduction of arsenate to arsenite was mediated predominantly by
W. globosa. This conclusion is also consistent with previous studies
using terrestrial plants (Xu et al., 2007; Zhao et al., 2010a).

3.3. As(III) complexation with PCs and GSH

Reverse-phase HPLC coupled to high resolution ICP-MS and
accurate mass high resolution electrospray ionization (ESI-MS)
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Fig. 5. Changes of As species in the nutrient solution during 24 h. Wolffia globosa was
initially exposed to 5 mM arsenate treated with or without 500 mM BSO. Data are
means � SE (n ¼ 4).
were used to quantify As(III)ethiol complexes and free thiol
compounds in duckweed exposed to arsenate As(V) in the pres-
ence or absence of BSO. This analytical method allows the iden-
tification and quantification of different As(III)ethiol complexes
and free thiol compounds (Bluemlein et al., 2009; Liu et al., 2010).
Fig. 6A and B show the S and As Signals in the duckweed extracts
from the �BSO treatment, measured by the high resolution ICP-
MS. The identity of the As and S peaks were then deduced from
the molecular data obtained by the high resolution ESI-MS
(Fig. 6CeK). The first As and S peaks eluted in the void volume
at around 120 s were uncomplexed inorganic As (arsenite and
arsenate) and inorganic S (sulphate). In the �BSO treatment
(Fig. 6), a number of As peaks, eluted after 500 s, represented
different As(III)ethiol complexes. Using ESI-MS (Fig. 6CeE), three
As peaks were identified as As(III)eGSePC2, As(III)ePC3 and
As(III)ePC4, respectively. The As(III)ePC4 complex appears as two
peaks representing four structural isomers of the As(III)ePC4
complex that are not fully separated at the baseline by the
HPLC method used. The molecular proof for the two small peaks
(retention times RT ¼ 1178 and 1224 s, respectively), between
As(III)ePC3 and As(III)ePC4, could not be obtained in the ESI-MS.
However, these two peaks occurred at the same retention times
as the two isomers of As(III)e(PC2)2 which were identified in the
Arabidopsis extracts using the same method (Liu et al., 2010).
They are therefore tentatively designated as As(III)e(PC2)2. One
minor peak at the retention times of 504 s could not be
identified.

In contrast to the�BSO treatment, no As(III)ethiol complex was
detected in the extracts from the þBSO treatment (Fig. 7E). Table 1
shows the concentrations of unbound As and As(III)ethiol
complexes in W. globosa treated with and without BSO, quantified
from the ICP-MS As data. Without BSO, 74% of the As was com-
plexed with thiols, with the most abundant complex being As(III)e
PC4 (accounting for 32%), followed by As(III)ePC3 (28%),
As(III)e(PC2)2 (9.6%) and As(III)eGSePC2 (2.7%). In the presence of
BSO, all of the As in the extract was uncomplexed. The sum of As
determined by the method (29.7 and 9.7 nmol g�1 FW for �BSO
and þBSO, respectively, Table 1) agreed well with that by the PBS
extraction followed by As determination using anion-exchange
HPLC-ICP-MS (26.0 and 14.1 nmol g�1 FW for �BSO and þBSO,
respectively).

By combining the ICP-MS m/z 32 S signal (Fig. 6A) and the ESI-
MS signal (Fig. 6FeK), a number of free thiol compounds could be
identified and quantified in the �BSO extracts (Table 2). These
include reduced GSH, reduced and oxidized PC2 and PC3, and
oxidized PC4, with reduced GSH being the most abundant thiol
compound. In the presence of BSO, W. globosa produced no



Fig. 6. Identification of As(III)ethiol complexes and free thiol compounds by HPLC e high resolution ICP-MS (dotted lines) and accurate mass ESI-MS (solid lines). Chromatograms of
Wolffia globosa extracts untreated with BSO. RP-HPLC-ICP-MS chromatograms showing S (A) and As (B) signal, respectively. Both signals were normalized with Ge signal and with
the gradient response factor. The first peak in chromatogram (A) and (B) is unbound As and S, respectively. RP-HPLC-ESI-MS chromatograms in the left panel show the presence of
AsePC complexes of them/z values of (C) 919.12 (AseGSePC2), (E) 844.09 (AsePC3) and (D) 1076.14 (AsePC4). RP-HPLC-ESI-MS chromatograms in the right panel show the presence
of free phytochelatins and thiol compounds of the m/z values of (F) 1000.21 (oxidized PC4), (G) 770.18 (oxidized PC3), (H) 772.19 (reduced PC3), (I) 538.13 (oxidized PC2), (J) 540.14
(reduced PC2) and (K) 308.09 (GSH). Chromatograms are shifted for clarity; the signals of As (B) and oxidized PC4 (F) are magnified by a factor of 7 and 10, respectively.
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detectable amounts of either free thiol compounds or As(III)ethiol
complexes (Fig. 7); instead, a substantial amount of BSO (m/z 223.11
for the protonated BSO)was detected in the extract (Fig. 7A, D). Two
other S peaks had a m/z of 224.09 and 309.11, respectively (Fig. 7B,
C); the first is likely to be a deaminated alcohol of BSO, with either
the]NH group in BSO being replaced with]O or the eNH2 group
being replaced with eOH (Supplementary Fig. S2). Either of the
replacements would increase m/z by 1. Approximately 12% of the
BSO in the extract was deaminated (Table 2). The third peak is
possibly also a BSO metabolite, although the identity remains
unknown.

4. Discussion

The use of HPLC e high resolution ICP-MS e accurate mass ESI-
MS has allowed the identification and quantification of intact
As(III)ethiol complexes in an aquatic macrophyte that is common
in fresh water and paddy fields. The present study has shown that
PCs play a crucial role in As tolerance in W. globosa, which has
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magnified by a factor of 10.
a relatively high capacity to accumulate As (Fig. 2) (Zhang et al.,
2009). The duckweed exposed to arsenate synthesized a range of
PCs, including PC2, PC3 and PC4, which served to complex the
majority (74%) of the As accumulated in the plant (Fig. 6, Tables 1
and 2). As(III)ePC4 and As(III)ePC3 were found to be the most
important complexes, with As(III)e(PC2)2 and As(III)eGSePC2
accounting for smaller proportions of the As. Despite the abun-
dant presence of GSH in the duckweed tissue, As(III)eGS3 was not
detected, probably because this complex is thermodynamically less
stable than As(III)ePCx complexes. Similarly, Liu et al. (2010)
showed that about 70% of As in the roots of A. thaliana was com-
plexed as As(III)ePC4, As(III)ePC3 and As(III)e(PC2)2, whereas
As(III)eGS3 was detected only in the PC-deficient mutant. The
extent of As(III)ethiol complexation in W. globosa was much
greater than that in the aquatic plantH. verticillata (maximum39%),
although the estimate for H. verticillata was made indirectly based
on the measurements of As and PC concentrations with the
assumption of an 1 As : 3 �SH stoichiometry (Srivastava et al.,
2007).

The presence of BSO completely suppressed the synthesis of
GSH and PCs inW. globosa, resulting in no complexation of As in the
duckweed (Fig. 7, Tables 1 and 2). BSO is a specific and potent
inhibitor of g-glutamylcysteine synthetase through its binding to
the active centre of the enzyme (Griffith and Meister, 1979), g-
glutamylcysteine being the precursor of GSH and PCs. Interestingly,
BSO and two possible metabolites of BSO were detected in the
duckweed tissue exposed to BSO. One of the metabolites was likely
to be a deaminated alcohol of BSO.

The lack of As(III)ethiol complexation in the BSO-treated
duckweed was associated with greatly increased sensitivity to As;
a 14.5 fold decrease in the EC20, based on the tissue As concentra-
tion, was observed (Fig. 3). The fact that BSO did not affect the
growth and survival of W. globosa in the absence or at the low
concentration of arsenate suggests that its effect was specifically
upon the synthesis of thiol compounds. The unbound As in
the þBSO-treated tissue consisted of arsenite (w70%) and arsenate
(w30%) (Fig. 3); both are highly toxic to cellular metabolism
(Hughes, 2002).

The BSO treatment not only sensitized W. globosa toward As,
but also greatly decreased As accumulation (Fig. 2). This effect was
not due to a direct suppression of arsenate uptake or an increased
arsenite efflux from the cells, because there was no significant



Table 1
The concentrations (nmol As g�1 FW � SE) of unbound As and As (III)ethiol complexes in W. globosa treated with 10 mM arsenate with or without BSO (n ¼ 4).

Treatment Unbound As(III)ethiol complexes Total As Percentage (%)

Inorganic As Unknown (RT ¼ 504s) As(III)eGSePC2 As(III)ePC3 As(III)e((PC2)2 As(III)ePC4 Unbound Bound

�BSO 7.76 � 0.76 0.31 � 0.02 0.81 � 0.09 8.28 � 0.63 2.85 � 0.56 9.52 � 0.68 29.65 26.2 73.8
þBSO 9.66 � 0.66 0 0 0 0 0 9.66 100 0
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effect of BSO on either process during the initial 10 h of arsenate
exposure (Fig. 5). However, both arsenate uptake and arsenite
efflux were decreased by BSO during the 10e24 h period. It is
likely that As toxicity occurred during the later period of arsenate
exposure in the þBSO treatment because of the lack of thiol
synthesis and As(III) complexation. At 24 h, the As concentrations
in the duckweed were 38 and 50 mg kg�1 dry weight in the �BSO
and þBSO treatments, respectively. These concentrations would be
toxic to the duckweed in the presence of BSO but not in the �BSO
control (Fig. 3). The As toxicity in the BSO-treated duckweed may
in turn lead to a suppression of arsenate uptake as a result of the
disturbance in cellular metabolism and, consequently, also
a smaller arsenite efflux. Therefore, the ability to complex and
detoxify As(III) appears to be a key factor in determining the
storage capacity of As in the cells of W. globosa. As(III)ethiol
complexes are likely to be stored in the vacuoles (Moore et al.,
2011). Vacuolar transporters for As(III)ePCs have been identified
in Arabidopsis recently (Song et al., 2010). The effect of BSO on As
accumulation in W. globosa is similar to that observed in Arabi-
dopsis (Liu et al., 2010). However, decreased As(III)ethiol
complexation in the BSO-treated Arabidopsis was found to be
associated with an increased As(III) efflux to the external medium,
which was not observed in W. globosa. Also, W. globosa has no
root-to-shoot transport barrier which tends to limit As trans-
location to the shoots in terrestrial plants. This may also explain
the relatively high As accumulation in the duckweed (Zhang et al.,
2009). Increased As accumulation in H. verticillata in response to
increased S supply may also be explained by increased PC
synthesis and As(III)ethiol complexation (Srivastava and D’Souza,
2009).

Similar to many terrestrial plants (Zhao et al., 2009), W. globosa
also has a large capacity to reduce arsenate to arsenite (Fig. 4). This
reduction was suppressed by BSO, as has also been observed in
Arabidopsis (Liu et al., 2010). There may be multiple pathways of
arsenate reduction in plants (Zhao et al., 2009); one of them may
involve an arsenate reductase like yeast ACR2 which uses GSH as
the reductant (Bleeker et al., 2006; Duan et al., 2007). There may be
GSH-independent pathways of arsenate reduction, because the
BSO-treated duckweed, depleted of GSH, was still able to reduce
a substantial proportion of arsenate to arsenite (Fig. 5). Another
possibility is that uncomplexed arsenite in the BSO-treated duck-
weed was more prone to re-oxidation to arsenate in the cells,
Table 2
The concentrations (nmol S g�1 FW) of free thiol and other S-containing compounds
in W. globosa treated with 10 mM arsenate with or without BSO (n ¼ 4).

BSO treatment Sulphur species Concentration (nmol S g�1 FW)

Mean SE

�BSO GSH 140.7 22.5
Reduced PC2 60.0 7.6
Oxidized PC2 5.9 0.9
Oxidized PC3 26.2 2.7
Mix of As(III)ePC3 &
reduced PC3

40.1 4.5

þBSO m/z 223.11 (BSO) 1373.0 101.8
m/z 224.09 (deaminated BSO) 196.9 14.5
m/z 309.11 (unknown) 58.1 5.0
although the mechanism for arsenite oxidation inside plant cells
remains unknown.

5. Conclusions

The present study has demonstrated that the essential role of
PCs in As tolerance in As non-hyperaccumulating terrestrial plants
is conserved in the aquatic macrophyteW. globosa. The synthesis of
PCs also plays an important role in As accumulation and arsenate
reduction in W. globosa. Arsenic metabolism and tolerance in non-
hyperaccumulating plants are strongly linked to glutathione and PC
biosynthesis.
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