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Abstract

Significant genotypic difference in response to arsenate toxicity in rice (Oryza sativa) was investigated in
root elongation, arsenate uptake kinetics, physiological and biochemical response and arsenic (As)
speciation. Uptake kinetics data showed that P-deprived genotype 94D-54 had a little higher As uptake
than P-deprived 94D-64, but the difference was not large enough to cause acute toxicity in P-deprived 94D-
54. There was no difference in tissue P concentrations between the two genotypes under P deficient
conditions. In addition, arsenic speciation in plant tissues (using high performance liquid chromatography-
inductively coupled plasma mass spectrometry) was not different between P pretreatments and between
genotypes. P-deprived genotype 94D-54 suffered much higher stress induced by arsenate toxicity than
P-deprived genotype 94D-64, in terms of lipid peroxidation, tissue H2O2 concentrations and exosmosis of
K, P and As. However, P-deprived 94D-54 also had higher overproduction of enzymatic antioxidants (with
higher GPX, SOD, CAT) and NPT (non-protein thiols) than P-deprived 94D-64. It appeared that, the
higher sensitivity of P-deprived 94D-54 to arsenate toxicity might cause the overproduction of NPT, thus
leading to the depletion of GSH and to the accumulation of H2O2. The differential sensitivity of the two
genotypes has major implications for breeding rice for As affected paddy soil.

Introduction

Arsenate (dominant in aerobic conditions) acts as
a phosphate analogue and is transported across
the plasma membrane via phosphate transport
systems (Dixon, 1997). Once inside the cytoplasm
it competes with phosphate, for example replac-
ing phosphate in ATP to form unstable ADP-
arsenate and leading to the disruption of energy
flows in cells (Hartley-Whitaker et al., 2001; Me-
harg and Hartley-Whitaker, 2002). However,
arsenate will not normally have high enough
cytoplasmic concentrations to exert toxicity be-
cause arsenate is rapidly reduced to arsenite in

plant tissues (Bertolero et al., 1987). Arsenite is
more toxic to plants than arsenate as it reacts
with sulfhydryl groups (–SH) of enzymes and tis-
sue proteins, leading to the inhibition of cellular
function and even cell death (Delnomdedieu et
al., 1993; Ullrich-Eberius et al., 1989). For exam-
ple, arsenic (As) toxicity in rice seedlings causes
perturbations in carbohydrate metabolism, lead-
ing to the accumulation of soluble sugars by
altering enzyme activity (Jha and Dubey, 2004).
Furthermore, arsenic compounds generate reac-
tive oxygen species (ROS) during their metabo-
lism in cells to cause tissue damages (Liu et al.,
2001), which causes lipid peroxidation (Hartley-
Whitaker et al., 2001).

Plants also have evolved some mecha-
nisms to detoxify As toxicity. Enzymatic and
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non-enzymatic antioxidants are induced to
quench ROS (Hartley-Whitaker et al., 2001). It
has been demonstrated that catalase (CAT), glu-
tathione-S-transferase (GST) and superoxide
dismutase (SOD) in Zea mays were all stimu-
lated upon exposure to arsenate and arsenite
(Mylona et al., 1998). Phytochelatins (PCs),
thiol (SH)-rich peptides, forms As–SH com-
plexes to detoxify As toxicity (Jocelyn, 1972;
Scott et al., 1993). The production of PCs in re-
sponse to inorganic As has been demonstrated
in a number of plant species (Hartley-Whitaker
et al., 2001; Raab et al., 2004; Schmöger et al.,
2000; Sneller et al., 1999). It has been demon-
strated that As–SH complexes can be trans-
ported into the vacuole by ycf1p and confers
arsenite resistance in yeast (Ghosh et al., 1999),
and it has been suggested that higher plants
may have similar mechanism in arsenite resis-
tance (Tong et al., 2004).

In addition to the detoxification pathway
through antioxidants and PCs, it has been
hypothesized that there are two pathways in
which phosphate is involved in As resistant
mechanisms in higher plants. One is through
reducing As uptake due to the suppression of the
high-affinity phosphate/arsenate uptake system
(Meharg and Macnair, 1992), and the other is
through the over-accumulation of shoot P, such
as in the case of Arabidopsis ars1 mutant (Lee
et al., 2003). When screening As resistance in
rice, we found two rice (Oryza sativa) genotypes
(94D-54 & 94D-64) with significantly different
resistance to As toxicity, but the difference in
uptake and metabolism was not so large to inter-
pret the significantly different resistance. Thus, a
series of experiments were carried out to investi-
gate the difference in physiological and biochemi-
cal changes and in As speciation in the two rice
genotypes under As toxicity in solution culture.

Materials and method

Preparation of rice seedlings

Three types of nutrient solution were used in the
present work, including no P ()P), plus P (+P)
and no P plus As ()P+As). Plus P solution was
the same as that of Liu et al. (2004). No P solu-
tion was made from +P solution by replacing

KH2PO4 with the same molar concentration of
KCl. The )P+As solution was made by adding
26.7 lM Na3AsO4 Æ 12H2O into the )P solution.

Seeds of two genotypes (94D-54, 94D-64) of
rice were surface sterilized in 10% H2O2 (v/v)
solution for 15 min, followed by thorough
washing with de-ionized water. The seeds were
germinated for 25 d in moist perlite in a plastic
pot (size 1.5 L). During the seed germination peri-
od, 50 mL +P solution was supplied twice a week.

All nutrient solutions were changed twice per
week, and pH was adjusted to 5.5 using 0.1 M
KOH or HCl. The nutrient solution was not aer-
ated during the experimental period to mimic the
anaerobic conditions in paddy soils. Each treat-
ment had three replicates. The experiment was
carried out in a growth chamber with a 14 h light
period (260–350 lmol m)2 s)1), relative humidity
70% and temperatures of 28 �C at day and 20 �C
at night. Pots were arranged randomly in the
growth chamber and re-arranged every day.

Experiment 1: Arsenate toxicity test–root
elongation

Rice seedlings of the two genotypes were raised as
described above. Seedlings were allowed to grow
in +P solution for 10 d. After the pre-culture,
uniform seedlings were then transferred to 500 mL
PVC pots filled with either phosphate free nutrient
solution containing 0.1 mM Mg2+ and SO4

2),
0.2 mM Ca2+ and K+ and 0.6 mM NO3

) (con-
trol), or the same nutrient solution supplemented
with arsenate (as Na3AsO4 Æ 12H2O) at the con-
centrations of 5, 10, 20, 40, 80 and 120 lM.
Growth conditions are the same as described
above. After one week, the maximum root length
was measured.

Pretreatment of rice seedlings with or without P
(for Experiment 2–4)

Rice seedlings of the two genotypes were raised
as described above. Seedlings were allowed to
grow in +P solution for 20 d. Then the seedlings
were rinsed three times with de-ionized water.
Then half of the seedlings were transferred to )P
solution and the remaining seedlings were
transferred to +P solution. All seedlings were
pretreated by )P or +P solution for another 9 d.

298



Experiment 2: Arsenic accumulation

After P pretreatments, rice seedlings were exposed
to )P+As solution for 48 h. The seedlings were
then harvested, oven dried and weighed. P and
As concentrations in roots and shoots were
analyzed according to Geng et al. (2005).

Experiment 3: Arsenic uptake kinetics

After P pretreatments, rice seedlings were
exposed to )P+As solution for 20.7 h. At time
intervals up to 20.7 h, 1 mL solution was
sampled for As analysis by an AF-610A atomic
fluorescence spectrometry (Beijing Ruili Analyti-
cal Instrument Co., Beijing, China). Water losses
through transpiration were compensated by the
addition of de-ionized water at hourly intervals
according to Zhao et al. (2002).

Experiment 4: Physiological and biochemical
changes under arsenic stress

After P pretreatments, rice seedlings (94D-54 &
94D-64) were exposed to )P+As solution for
4 h. Fresh plant materials were sampled to
measure physiological and biochemical indices.
Activities of antioxidant enzymes such as guaia-
col peroxidase (GPX, E.C. 1.11.1.7), SOD (E.C.
1.15.1.1) and CAT (E.C. 1.11.1.6) were measured
according to Aravind and Prasad (2003) and
Mazhoudi et al. (1997). Non-protein-thiols
(NPT) were measured according to Sharma et al.
(2004). H2O2 was measured according to Mulher-
jee and Choudhuri (1983). Freeze-dried plant
materials were used for As speciation analysis
(see below) according to Quaghebeur and Rengel
(2003). The exosmosis of K, P and As was mea-
sured according to Llamas et al. (2000) and after
measurement of ionic exomosis, freeze-dried root
materials were used to measure the production of
lipid peroxidation, malondialdehyde (MDA)
according to Aravind and Prasad (2003).

Arsenic speciation analysis of plant materials

Freeze-dried plant materials (from Experiment 4,
0.05 g of root and 0.1 g of shoot) were digested
in 3 mL of methanol: de-ionized water. Digests
were heated on a digestion block at 100 �C for

two hours and then boiled dry at 140 �C. The
residue was then re-suspended in 1% nitric acid
to a mass of 10 g.

As speciation in nitric acid was detected
according to Quaghebeur et al. (2003) and Quag-
hebeur and Rengel (2003). Chromatographic col-
umns were obtained from Hamilton and
consisted of a precolumn (11.2 mm, 12–20 lm)
and a PRP-X100 anion-exchange column (150�
4.1 mm). AHP1100 HPLC system (Agilent Tech-
nologies, Stockport, Cheshire, UK) with cooled
auto-sampler and a Peltier controlled column
compartment was used for all of the analysis.
The auto-sampler was set to 4 �C and the col-
umn to 30 �C. Injection volume was set at either
10 or 100 lL of sample and the mobile phase
was maintained at 1 mL min)1. The mobile
phase employed for anion-exchange chromatog-
raphy, adapted from Heitkemper et al. (2001),
consisted of 6.66 mM ammonium hydrophos-
phate (NH4H2PO4) and 6.66 mM ammonium
nitrate (NH4NO3), pH 6.2. Each analysis was
performed within three days of sample extrac-
tion, to minimize any changes in species due to
prolonged storage.

Post-column, element specific detection of
arsenic was achieved using an ICP-MS 7500
(Agilent Technologies). Arsenic sensitivity was
monitored daily and optimized when required.
The outlet of the HPLC was connected, via
PTFE tubing to a T-piece. Internal standard was
pumped using the ICP-MS’s peristaltic pump and
mixed with the column effluent in the T-piece,
which connected directly to the inlet of the ICP-
MS neubulizer. Signals at m/z 75, 77 and 115
were measured. Chromatographic peaks were
integrated using WinFAAS software (Institute
for Analytical Chemistry, Austria) and their
concentration determined using a five-point
calibration curve of DMA(V) (0, 1, 25, 50, and
100 lg of As L)1).

Results

Arsenate toxicity test–root elongation

In the absence of arsenate in the growth solu-
tion, genotype 94D-54 had much longer root that
genotype 94D-64 (Figure 1). With increasing
arsenate concentrations in the growth solution,
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genotype 94D-54 had more drastic reduction in
maximum root length than genotype 94D-64.
Arsenate concentration at 5 lM resulted in a
50% reduction in maximum root length of geno-
type 94D-54, while genotype 94D-64 had little
reduction in maximum root length with increas-
ing arsenate concentrations in the growth solu-
tion at 40 and 120 lM arsenate.

Plant growth, tissue P and As concentrations

P-deprived plants had lower biomass than P-suf-
ficient plants (Table 1). Genotype 94D-64 had
lower shoot biomass than genotype 94D-54 at
both P treatments. For both genotypes, P-de-
prived plants had much lower tissue P concentra-
tions than P-sufficient plants. Exposure to As
just for 4 h, P-deprived genotype 94D-54 showed
acute toxic symptoms with leaves curled, and
died after exposure to As for 48 h. However,
genotype 94D-64 showed no toxic symptoms.
There was no significant difference in root As
concentrations between P pretreatments, and
shoot As concentrations were slightly but signifi-
cantly higher in P-sufficient plants than in P-de-
prived ones. There was no significant difference
in shoot As concentrations between the geno-
types, and root As concentrations in genotype
94D-64 were higher than in genotype 94D-54.

Time-dependent As uptake

For both genotypes, P-sufficient plants had lower
As uptake than P-deprived plants. P-deprived
94D-54 had a little higher As uptake rate than P-
deprived 94D-64 (Figure 2). Exposure to 26.7 lM
arsenate for 400 min, both genotypes reached the
highest As uptake. There were no differences in
arsenic speciation between genotypes or between
P pretreatment in this experiment. Similar to
Experiment 2, P-deprived genotype 94D-54
showed acute toxic symptoms when exposure to
As just for 4 h. Thus, exposure time for experi-
ment 4 was just 4 h to avoid plant death.

Physiological and biochemical response to arsenate
exposure

In )P pretreatment, genotype 94D-54 had higher
MDA, H2O2 in roots and shoots than genotype
94D-64 (Table 2). Furthermore, genotype 94D-54
also had higher K, P and As concentrations in
exosmotic solution than genotype 94D-64 at both
P pretreatments (Figure 3; Table 3). For both

y p ( l 3 4 2 ) p

Figure 1. Root elongation in response to arsenate in two rice
genotypes (94D-54 & 94D-64). The seedlings were first pre-
cultured in +P solution for 10 days and then were
transferred into nutrient solution supplemented with arsenate
(as Na3AsO4 Æ 12H2O) at the concentrations of 0, 5, 10, 20,
40, 80 and 120 lM for seven days and finally were measured
the maximum root length. The error bars represent one SE of
the mean from four replicates.

Table 1. Biomass and tissue P and As concentrations in two
rice (O. sativa) genotypes (94D-54 and 94D-64). The seedlings
were first pre-cultured with +P solution for 20 d, and then
pretreated with )P and +P solution for 9 d and finally ex-
posed to )P+As solution (26.7 lM Na3AsO4 Æ 12H2O) for
2 d. Values are the mean ± SE (n=3)

P pretreatment Genotypes

94D-54 94D-64

)P +P )P +P

Biomass (g) Root 0.23 0.25 0.19 0.22

Shoot 0.96 1.21 0.70 0.86

P (mg/g) Root 2.2 6.6 2.3 7.3

Shoot 4.6 14.4 3.4 13.0

As (mg/g) Root 1.16 1.29 1.54 1.38

As (mg/kg) Shoot 26.0 31.5 26.5 35.6

Analysis of variance

Genotypes

(G)

P G�P

Biomass Root ns 0.011 ns

Shoot <0.001 <0.001 ns

P Root ns <0.001 ns

Shoot ns <0.001 ns

As Root <0.001 ns 0.034

Shoot ns 0.025 Ns

ns refers to not significant at the level 0.05.
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genotypes, P pretreatment decreased K and As
concentrations in exosmotic solution, but P pre-
treatment had no effect on P exosmosis.

For both genotypes, P supply significantly
increased shoot but not root GPX (Figure 4;
Table 3). Little genotypic difference in GPX

was found in shoots at both P pretreatments,
but genotype 94D-54 had higher GPX than
genotype 94D-64 in roots under )P pretreat-
ment. +P pretreatment only resulted in lower
SOD in the shoots of genotype 94D-54. Geno-
type 94D-54 had higher shoot SOD than geno-
type 94D-64 under )P pretreatment. For both
genotypes, P supply reduced CAT both in
roots and shoots. At both P pretreatments,
genotype 94D-54 had higher root CAT than
genotype 94D-64. In )P pretreatment, genotype
94D-54 had much higher NPT in shoots than
genotype 94D-64. For both genotypes, )P pre-
treatment significantly increased shoot NPT.
NPT was under detection limit in shoots of
genotype 94D-64 pretreated with +P solution
and in roots of both genotypes at both P pre-
treatments.

As speciation in plant tissues

Under P-deprived conditions the percentage of
As extracted in methanol: water was around
60%, dramatically higher than that in P-sufficient
conditions (20%; Table 4). No methylated or-
ganic arsenic species were detected in the metha-
nol: water extract, and the proportion of arsenite
to arsenate remained constant in all treatments.

4 2 ) ( )

Figure 2. Accumulation of As by two rice genotypes (94D-54 & 94D-64) in the uptake experiment (expressed on the basis of root
dry weight). The seedlings were first pre-cultured with +P solution for 20 d, and then pretreated with )P and +P solution for 9 d
and finally exposed to )P+As solution (26.7 lM Na3AsO4 Æ 12H2O) for 20.7 h. Values are the means of three replicates.

Table 2. MDA and H2O2 in two rice O. sativa genotypes
(94D-54 & 94D-64). The seedlings were first pre-cultured with
+P solution for 20 d, and then pretreated with )P and +P
solution for 9 d and finally exposed to )P+As solution
(26.7 lM Na3AsO4 Æ 12H2O) for 4 h. Values are the
mean ± SE (n=3)

94D-54 94D-64

)P +P )P +P

MDA (lmol/kg DW) Root 25.0 29.7 21.1 18.2

Shoot 20.0 20.4 11.6 11.4

H2O2 (lmol/kg FW) Root 1250 374 417 319

Shoot 1833 1307 1254 1290

Analysis of variance

Genotype

(G)

P G�P

MDA Root 0.003 ns ns

Shoot 0.001 ns ns

H2O2 Root 0.038 0.03 0.051

Shoot ns ns ns

ns refers to not significantly at the level 0.05.
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Discussion

P-deprived 94D-54 showed acute toxicity to arse-
nate. Toxicity test also confirmed that genotype
94D-54 was more sensitive to arsenate than
genotype 94D-64 (Figure 1). What caused the

acute toxicity of P-deprived 94D-54 to arsenate?
The mechanism of As-tolerance in 94D-64 was
different from ‘‘classic’’ As tolerance found in
Arabidopsis ars1 mutant and in H. lanatus. In
ars1 mutant, As-tolerance is acquired through
the over-accumulation of shoot P compare to
wild type (Lee et al., 2003). In H. lanatus, As-tol-
erance is acquired through reducing As uptake
due to the suppression of the high-affinity phos-
phate/arsenate uptake system (Meharg and Mac-
nair, 1992). But in our case, there was no
difference in tissue P concentrations between
94D-64 and 94D-54 under P deficient conditions
(Table 1). Although P-deprived 94D-54 had high-
er As uptake than P-deprived 94D-64 (Figure 2),
but the difference was not so huge to cause acute
toxicity. In addition, arsenite is more toxic to
plants than arsenate. If P-deprived 94D-54 had
more arsenite in root and shoot than P-deprived
94D-64, it could be understood that why P-de-
prived 94D-54 showed acute toxicity to arsenate.
However, there was little difference in As specia-
tion in 94D-54 and 94D-64 under P deficient
conditions (Table 4).

P-deprived 94D-54 suffered higher stress from
arsenate exposure than P-deprived 94D-64. After
exposure to arsenate, lipid peroxidation was high-
er in P-deprived 94D-54 than in P-deprived 94D-
64 (Table 2). Hartley-Whitaker et al. (2001) have
also demonstrated that arsenate caused lipid per-
oxidation in arsenate-sensitive H. lanatus, but in
arsenate-tolerant plants, little lipid peroxidation
was observed. These two results indicate that

Figure 3. Exosmosis of K (a), As (b)& P (c) by two rice
genotypes (94D-54 & 94D-64). The seedlings were first pre-
treated with +P solution for 20 d, and then treated with )P
and +P solution for 9 d and finally exposed to )P+As solu-
tion (26.7 lM Na3AsO4 Æ 12H2O) for 4 h. Values are the
mean ± SE (n=3).

Table 3. Analysis of variance (two-way ANOVA) on exosmo-
sis of K, P & As and GPX, SOD, CAT and NPT by two rice
O. sativa genotypes (94D-54 & 94D-64) shown in Figures 3
and 4

Genotype (G) P G�P

K <0.001 0.002 0.004

As <0.001 <0.001 0.001

P <0.001 ns ns

Root GPX 0.037 ns ns

Shoot GPX ns 0.021 ns

Root SOD 0.02 ns ns

Shoot SOD ns 0.02 0.005

Root CAT 0.002 0.046 ns

Shoot CAT ns 0.011 ns

Shoot NPT 0.001 <0.001 0.002

ns refers to not significantly at the level 0.05.
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arsenate toxicity may result in the production of
ROS, which in turn causes membrane damage.
This hypothesis was confirmed by the fact that
P-deprived 94D-54 also had higher H2O2 in roots
and shoots than P-deprived 94D-64 (Table 2).
Lipid peroxidation may result in structural
destruction of cell membrane and further increase
ionic exosmosis, which was confirmed by the fact
that P-deprived 94D-54 also had higher exosmo-
sis of K, P and As than P-deprived 94D-64
(Figure 3). In together, it was easily understood
that higher stress in P-deprived 94D-54 made it
more sensitive to arsenate exposure.

However, it was hard to understand that
P-deprived 94D-54 also had higher non-enzy-
matic antioxidants and enzymatic antioxidants
activities than P-deprived 94D-64. In plants,
enzymatic and non-enzymatic antioxidants are
induced to quench ROS produced by As. Non-
enzymatic antioxidants include glutathione and
ascorbate (Alscher, 1989; Dat et al., 2000), while
enzymatic antioxidants include GPX, SOD,
ascorbate peroxidase (APX) and CAT (Bowler
et al., 1994; Gupta et al., 1999). P-deprived 94D-
54 had higher CAT and GPX in roots and SOD
in shoots than P-deprived 94D-64 (Figure 4). In

P-deprived 94D-54 and 94D-64, high levels of
lipid peroxidation corresponded with high levels
of enzymatic antioxidant activities. However, in
H. lanatus, high levels of lipid peroxidation
negatively corresponded with the levels of SOD
activity (Hartley-Whitaker et al., 2001). Overpro-
duction of enzymatic antioxidants in P-deprived
94D-54 might be expected to correspond to the
alleviation of As toxicity in this genotype, but
this is not the case. Similar results have been
found in Xanthomonas campestris, that the
overproduction of peroxide-scavenging enzymes
(KatA, AhpCF and Ohr) did not enhance As
tolerance (Sukchawalit et al., 2004).

Phytochelatins (PCs) are thiol (SH)-rich pep-
tides and induced by a range of heavy metals
including Cd, As, Cu, and Zn (Grill et al., 1985).
The hypothesis that PCs was involved in the
detoxification of arsenate was supported by the
evidence of the formation of As–SH complexes
both in vivo and in vitro (Jocelyn, 1972; Scott
et al., 1993). Non-protein thiols (NPT) could
indicate the levels of PCs (Metwally et al., 2005).
In the present experiment, P-deprived 94D-54
had much higher NPT in shoots than P-deprived
94D-64 (Figure 4). Higher levels of NPT in P-de-
prived 94D-54 might be expected to correspond
to the alleviation of As toxicity in this genotype.
However, this is not the case, with genotype
94D-54 more sensitive to As toxicity. It is sug-
gested that phytochelatin production may also
lead to GSH depletion and produce oxidative
stress because GSH is an important non-enzy-
matic agent to quench ROS (Hartley-Whitaker
et al., 2001), which might partly explain the
occurrence of high level of H2O2 in the sensitive
genotype 94D-54 (Table 2).

In summary compared to P-deprived 94D-64,
P-deprived 94D-54 appeared to possess a higher
detoxification ability, but suffered higher stress
level (Table 3; Figures 3 and 4). These results
indicated that the high sensitivity of P-deprived
94D-54 to arsenate toxicity might be derived
from the overproduction of NPT, which in turn
cause the depletion of GSH, thus leading to the
accumulation of H2O2 and lipid peroxidation.

Figure 4. GPX (a, b), SOD (c, d), CAT (e, f) and NPT (g) in two rice genotypes (94D-54 & 94D-64). The seedlings were first pre-
cultured with +P solution for 20 d, and then pretreated with )P and +P solution for 9 d and finally exposed to –P+As solution
(26.7 lM Na3AsO4 Æ 12H2O) for 4 h. Values are the mean ± SE (n=3).

b

Table 4. As speciation (± SD, lg/g) in shoots of the two rice
genotypes (94D-54 and 94D-64). The seedlings were first pre-
cultured with +P solution for 20 d, and then pretreated with
)P and +P solution for 9 d and finally exposed to )P+As
solution (26.7 lM Na3AsO4 Æ 12H2O) for 4 h. Extraction effi-
ciency referred to the percentage of arsenic recovered by
methanol: water extraction as compared to total As in the
plant for ‘‘Total As from sum of species’’

P pretreatment )P +P

Genotypes 94D-54 94D-64 94D-54 94D-64

As (III)+ As (V) 16.9±6.6 16.2±6.5 5.0±2.7 9.5±0.2

Extraction

efficiency (%) 65 58 16 27

As (III) 8.9±4.0 9.1±5.0 2.8±1.4 5.6±0.0

Percentages (%) 53 56 56 59

As (V) 7.9±2.6 6.0±2.6 2 .2±1.4 3.9±0.1

Percentages (%) 47 37 44 41
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