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Abstract Chronic exposure to arsenic (As) in rice has
raised many health and environmental problems. As
reported, great variation exists among different rice geno-
types in As uptake, translocation, and accumulation. Under
hydroponic culture, we find that the Chinese wild rice
(Oryza rufipogon; acc. 104624) takes up the most arsenic
among tested genotypes. Of the cultivated rice, the indica
cv. 93-11 has the lowest arsenic translocation factor value
but accumulates the maximum concentration of arsenic
followed by Nipponbare, Minghui 86, and Zhonghua 11.
Higher level of arsenite concentration (50 uM) can induce
extensive photosynthesis and root growth inhibition, and
cause severe oxidative stress. Interestingly, external silicate
(Si) supplementation has significantly increased the net
photosynthetic rate, and promoted root elongation, as well
as strongly ameliorated the oxidative stress by increasing the
activities of antioxidant enzymes superoxide dismutase,
ascorbate peroxidase, and peroxidase in roots and/or leaves
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of 93-11 seedlings. Notably, 1.873 mM concentration of Si
considerably decreases the total As uptake and As content in
roots, but significantly increases the As translocation from
roots to shoots. In contrast, Si supplementation with 1.0 mM
concentration significantly increases the total As uptake and
As concentrations in roots and shoots of 93-11 seedlings
after 50 uM arsenite treatment for 6 days.
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Introduction

Arsenic (As) is a carcinogenic metalloid that is ubiquitous and
abundant in Earth’s crust. The continual release of As into the
environment either by natural or anthropogenic activities ele-
vates its concentration in surface soil and eventually into
plants (Moreno-Jiménez et al. 2012). It is reported that nearly
150 million people from over 70 countries have suffered from
extensive As exposure by drinking As-contaminated water
and the food chain (Brammer and Ravenscroft 2009; Zhao
et al. 2010a), of which approximately 110 million people
reside in the South and Southeast Asia, where rice has become
the major exposure route of As (Dave et al. 2012). For exam-
ple, in India, rice As contamination may contribute to more
than half of dietary total As intake (Meharg 2004; Mondal and
Polya 2008), given that rice can take up more As than other
cereal plants (Su et al. 2010). Accordingly, arsenic contami-
nation in rice raises much concerns and becomes of a wide-
spread interest in further uncovering the physiological
mechanisms of As tolerance and responses in plants.
Extensive variation in As uptake and accumulation exists
among plant species, and even among different genotypes
within a species (Moreno-Jiménez et al. 2012). For example,
the rice cultivars that are tolerant and sensitive to As stress
accumulate greater and less arsenic, respectively (Dwivedi
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et al. 2010; Rai et al. 2011). In nature, arsenic can exist in
four valency states: —3, 0, +3, and +5. Under aerobic and
anaerobic conditions, the oxidation state of As tends to be
+5 and +3, respectively (Moreno-Jiménez et al. 2012). Thus,
plants are mainly exposed to inorganic arsenate As(V) and
arsenite As(IIl). However, Verbruggen et al. (2009) revealed
that the arsenic toxicity effects to plants are mainly due to
As(IIT) because once absorbed into the cell, As(V) is rapidly
reduced to As(IIl) by arsenate reductase (Xu et al. 2007).
As(III) can be efficiently taken up by roots through a num-
ber of NIP aquaporins (Ma et al. 2008; Ali et al. 2009), and
arsenite has high affinity with —SH groups of enzymes and
tissues proteins, and thereby inhibiting many key metabolic
processes in the cell (Tripathi et al. 2007).

The visual effect of arsenic toxicity is the impairment of
plant development, such as reduced root and shoot length,
chlorosis in leaves, and shrinking or necrosis in aerial plant
parts (Shri et al. 2009; Choudhury et al. 2011; Moreno-
Jiménez et al. 2012), owing to the physiological and morpho-
logical disorders caused by As exposure that includes the
induction of oxidative stress (Shri et al. 2009; Rai et al.
2011), changes of nutritional patterns (Dwivedi et al. 2010),
photosynthetic inhibition (Azizur Rahman et al. 2007), and
metabolic and genetic alterations (Tripathi et al. 2007). In
order to overcome such toxicity, plants evolved various
molecular mechanisms to adapt to environmental arsenic
stress. The primary detoxification mechanism is to form
phytochelatines— (PCs) or glutathione—As complexes and fur-
ther compartmentalize them into vacuoles of root cells (Zhao
et al. 2009; Moreno-Jiménez et al. 2012). To protect plants
against oxidative stress by regulation of expression of antiox-
idant enzymes, such as superoxide dismutase (SOD), ascor-
bate peroxidase (APX), peroxidase (POD), and catalase
(CAT), is another efficient detoxification mechanism (Rai et
al. 2011). Of these enzymes, SOD catalyzes the detoxification
of the active superoxide radicals (Bowler et al. 1992) and is
likely to be central in the defense (Rai et al. 2011). CAT and
APX are responsible for the subsequent conversion of H,O,
into water in peroxisomes, and in cytosol and chloroplasts,
respectively (Noctor and Foyer 1998), while POD plays an
important role in degradation of lipid peroxides (Shri et al.
2009). In addition, active efflux of arsenic, mainly in the form
of As(IlT) (Xu et al. 2007), also plays a role in partial protec-
tion plants from As toxicity in non-hyper-accumulating plants
(Zhao et al. 2009). In rice, OsNIP2;1 (Lsil) that was firstly
identified to function in permeability to silicic acid and arse-
nite (Ma et al. 2006, 2008) is crucial for mediating the efflux
of As(Ill) from roots (Zhao et al. 2010b).

Except for oxygen, silicon (Si) is considered as the most
abundant element in earth’s crust. Increasing evidence shows
that Si has favorable effects on plant growth under biotic and
abiotic stresses (Shi et al. 2005; Guo et al. 2005, 2007; Gottardi
et al. 2012), although its essentiality for higher plants has not
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been established (Epstein 1999). Rice is known as one of the
best Si accumulator (Ma et al. 2006), which can accumulate
silicon up to 10 % of shoot dry weight (Savant et al. 1997).
Given that silicic acid and arsenite share the similar transporter
system (Ma et al. 2006, 2008), significant inhibitory effects of
silicon on As uptake and As content in straw and grain were
reported either by indigenous silicic acid in the soil solution
(Bogdan and Schenk 2008) or by external Si supplementation
(Guo et al. 2006; Li et al. 2009; Seyfferth and Fendorf 2012).
Addition of silicon fertilizer (in the form of SiO, gel) to soil
significantly decreased the total As concentration in rice straw
and grain (Li et al. 2009). A similar case was also reported by
Seyfferth and Fendorf (2012) when Si gel was added to soil.
However, the addition of diatomaceous earth did increase but
not inhibited the As content in rice grain, husk, and straw
(Seyfferth and Fendorf 2012). In addition, a significantly neg-
ative correlation between external silicon supplementation and
arsenate and/or arsenite uptake and concentration in rice seed-
lings was also established under hydroponic culture conditions
(Guo et al. 2005, 2007; Tripathi et al. 2013).

Although some studies have been carried out to investigate
the potential interaction between Si supply and As uptake and
accumulation, and probably related mechanisms (Guo et al.
2007; Li et al. 2009; Seyfferth and Fendorf 2012; Tripathi et
al. 2013), the effects of silicic acid on higher dose of arsenite
concentration (50 uM) in relation with photosynthesis, lipid
oxidation, and antioxidant enzymes activity have not been
clarified in rice seedlings. Here, four cultivated as well as
one Chinese wild rice were hydroponically cultured to com-
pare and screen out the cultivar that is adaptive to arsenite
stress. Based on this cultivar, the effects of exogenous silicate
supplementation on the alleviation of arsenite toxicity were
investigated accordingly.

Materials and methods
Rice cultivation and arsenite treatment for five genotypes

One wild rice (Oryza rufipogon) and four widely cultivated
rice (Oryza sativa L.) in China were selected to screen for
tolerance to arsenite (Table 1). The rice seeds were disinfected
in 0.5 % NaOCl for 15 min, and then rinsed thoroughly and
soaked in deionized water for 24 h. After that, seeds were
separately transferred to filter papers floating on 0.5 mM
CaCl, solution for germination. After 5 days, the seedlings
of each genotype were independently transferred to a 10-L
container and pre-cultured in a growth chamber under a 16-h-
light (30 °C) and 8-h-dark (20 °C) photoperiod for further
21 days. In each container, 8-L half-strength Kimura solution
was filled in and renewed every 3 days. The nutrient compo-
sition is as follows: 0.091 mM KNO3, 0.183 mM Ca(NOs),,
0.274 mM MgSOy, 0.1 mM KH,POy, 0.183 mM (NH,4),SO,,
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Table 1 Accession number and geographic origin of the cultivated
and wild rice used in this study

Number IRGC  Species Variety Variety ~ Source
acc.” name name group country
1 20483 0. sativa 93-11 Indica China
2 74298  O. sativa Minghui 86  Indica China
3 117274  O. sativa Nipponbare  Japonica Japan
4 - O. sativa Zhonghua 11  Japonica China
5 104624  O. rufipogon — Wild rice China

*Rice seeds were kindly provided by the International Rice Research
Institute and China Rice Research Institute

0.5 LLM Ml’lclz, 3 LLM H3BO3, 0.1 },LM (NH4)6M07024,
0.4 uM ZnSOy, 0.2 uM CuSOy, 40 uM NaFe(IlI)-EDTA,
and 2 mM 2-morpholinoethanesulfonic acid (MES; pH ad-
justed to 5.5 with NaOH; Zhao et al. 2010b). Then, the
uniform seedlings were transferred to 2-L pots (four plants
per pot) for further treatments. For each of the five genotypes
examined, two treatments [—As, no added As(Il); and +As,
25 uM As(II)] with four replications (pots) were adopted. In
other words, in each of the five experiments, four pots were
used as control (—As) and four pots were exposed to arsenite
in the form of NaAsO, at 25 uM (+As) for 6 days, respec-
tively. At harvest, the As-treated seedlings roots were im-
mersed into an ice-cold desorption solution containing
1 mM K,;HPOy, 0.5 mM Ca(NOs),, and 5 mM MES
(pH 5.5) for 10 min to remove apoplastic As (Zhao et al.
2010b). The harvested plants were further divided into roots
and shoots, and oven dried at 105 °C for 30 min, and 75 °C for
48 h for further use.

Experimental design and treatments of the As and Si
interactions for 93-11 seedlings

The experimental design was set up as a complete, random-
ized block design with six treatments and four replications.
The 21-day-old seedlings of 93-11 were transferred to 24 2-L
pots (four plants per pot) for further treatments, consisting of a
control [CK, no added As(Ill) and Si] and five treatments
[1.0 mM Si; 1.873 mM Si; 50 uM As(Ill); 1.0 mM Si plus
50 uM As(IIT); and 1.873 mM Si combination with 50 uM
As(III)], where silicon and arsenite were supplied by the form
of Na,SiO5; and NaAsO,, respectively. After different times
(3 days and 6 days) of treatment, the roots and leaves were
sampled to determinate the total As concentration and the
activities of antioxidant enzymes.

Total As quantification and data analysis
After 6 days of the treatments, the seedlings’ roots were

soaked in 20 mL ice-cold desorption solution for 10 min to
desorb apoplastic As, and then the roots and shoots were

separately harvested and oven dried. After that, the rice
samples were powdered by using a ball mill (Retsch, MM-
301, Germany). The ground rice samples (0.3 g) of each
treatment were subsequently digested with 2 mL nitric acid
and 0.5 mL H,O, at 120 °C for 24 h. After cooling, deion-
ized water was added to the digestion solution to make the
final volume of 20 mL. Then the levels of total arsenic in
samples were quantified by inductively coupled plasma
mass spectrometry (ICP-MS, Agilent 7500a; Agilent
Technologies, CA, USA).

Specific arsenic uptake (SAU), a commonly used measure
of'the ability of As uptake by rice genotypes, was calculated as
the ratio of total As uptake in roots and shoots to the root dry
weight under arsenic exposure.

T root—As " R0Otpiomass + Tshoot—As*ShOOtpiomass

SAU =
ROOtbiomass

In the formula, SAU represents specific arsenic uptake.
The Trooras and Tyo0e-as indicate the average As content in
roots and shoots, respectively. The Rootpjomass and
Shootyiomass represent the dry weight of roots and shoots
examined, respectively.

In addition, the translocation factor (TF) was used to
assess the ability of As transfer from roots to shoots, which
was calculated as the ratio of total As concentration in
shoots to that in roots (Dwivedi et al. 2010).

Determination of photosynthetic inhibition

After 3 and 6 days of the treatments, a portable photosynthesis
system (LI 6400; Li-Cor, Lincoln, NE, USA) was employed to
measure the net photosynthetic rate (P,) using the seedlings
leaves with or without As(Ill) (NaAsO,, 25 uM) and/or Si
(Na,SiO3, 1.0 mM) exposure in 93-11. Stomatal limitation
(Ls) was calculated as 1—Ci/Ca to estimate the extent of
photosynthetic limitations caused by stomata closure (Berry
and Downton 1982).

Estimation of malondialdehyde content

After 6 days of the treatments, the malondialdehyde (MDA)
contents in sampled root tissues were determined to estimate
the extent of lipid peroxidation, according to the Heath and
Packer (1968) method with slight modifications. Briefly,
about 0.3 g root tissues was homogenized in 3 mL
of 0.1 % trichloroacetic acid (TCA) containing 2 g of
thiobarbituric acid (TBA), and then the homogenate was
centrifuged at 12,000xg for 20 min. In analysis, 3 mL
TCA was mixed with 1 mL of supernatant. The mixture
was heated at 95 °C for 30 min and cooled quickly on ice
bath, and then centrifuged at 12,000xg for 10 min. The
absorbance of the supernatant at 532 and 600 nm was
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recorded, respectively. Finally, based on the correction of
non-specific turbidity, the MDA content was determined

using the extinction coefficient of 155 mM ™' em ™.

Assay of antioxidant enzymes

Fresh root and leaf samples of the cv. 93-11 at 3 and 6 days
after arsenite and/or silicate treatments were used for enzy-
matic activity analysis. About 0.3 g roots or leaves was
homogenized in 3 mL of sodium phosphate buffer (50 mM;
pH 7.8) that includes 0.2 mM EDTA and 0.2 % (w/v) PVP at
4 °C. The homogenate was centrifuged at 12,000xg for
20 min at 4 °C. And the obtained supernatant was used for
analyzing the activities of antioxidant enzymes.

The activity of SOD was assayed by the method of
Giannopotitis and Ries (1977). Briefly, 3 mL nitro blue
tetrazolium (NBT) reaction mixture was added to 50 puL of
the supernatant. The mixture was placed below a light
source (4,000-1x fluorescent lamp) at 25 °C for 30 min,
and the absorbance at 560 nm was recorded. Accordingly,
one unit of the enzyme activity was measured as the
amount of proteins required to inhibit 50 % initial
reduction of NBT under light.

APX activity was determined by estimating the rate of
ascorbate (ASC) oxidation (Nakano and Asada 1981). A
total volume of 2 mL reaction mixture containing 25 mM
sodium phosphate buffer (pH 7.0), 0.1 mM EDTA, 0.25 mM
ascorbate, 1.0 mM H,O,, and 100 pL enzyme extract was
prepared. The absorbance of the mixture at 290 nm was
recorded, and the enzyme activity was assessed accordingly.

The measurement of CAT activity was according to the
method described in Cakmak and Marschner (1992). The
reaction mixture contains 25 mM sodium phosphate buffer
(pH 7.0), 0.1 mM EDTA, 10 mM H,0,, and 100 uL enzyme
extract to a final volume of 2 mL. The decrease in absorbance
was recorded at 240 nm for 30 s, which was used to measure
the initial rate of disappearance of H,O,.

Determination of POD activity was based on the Piitter
(1974) method by measuring the change of absorption at
470 nm due to guaiacol oxidation. The reaction mixture
(2 mL) comprising 25 mM sodium phosphate buffer (pH
7.0), 0.1 mM EDTA, 10 mM H,0,, 0.05 % (w/v) guaiacol,
and 100 pL enzyme extract was prepared to assay the
enzyme activity.

Statistical analysis

All the data were presented as the mean value+SD (standard
deviation) of three or four replicates. Data were compared
and tested by the least significant difference (LSD) test
method implemented in the ANOVA analysis to examine
the significant difference among different treatments at the
0.05 level (DPS v7.05).
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Results

Comparison of rice cultivars for As accumulation
and translocation

In total, five rice cultivars were hydroponically cultured under
arsenic stress for 6 days. In the solution, the arsenic was
provided as the form of As(Ill) at 25 uM. From Fig. 1, it
was observed that the wild rice accumulated significantly
higher concentration of arsenic (595.04+75.53; Fig. la),
while its As TF value (0.112+0.011) was markedly lower
than Minghui 86 (0.211+0.021) but higher than 93-11
(0.088+0.009) and similar with the other varieties
(Nipponbare, 0.112+0.011; and Zhonghua 11, 0.118+0.012;
Fig. 1b). For the cultivated rice, great variation was observed
in As concentration among cultivars (Fig. 1a). The highest and
lowest level of As concentration was found in 93-11 (461.16+
47.27) and Zhonghua 11 (336.82+32.84), respectively,
whereas the cultivars Nipponbare and Minghui 86 showed
moderate accumulation of As (413.46+38.24 and 368.05+
36.81, respectively). In addition, the ability of translocation of
As from roots to shoots also differed significantly among
genotypes (Fig. 1b). The indica rice Minghui 86 had the
highest TF value, followed by Zhonghua 11, Nipponbare,
and 93-11. Taken together, 93-11 was selected for the
following additional analyses.

Effect of silicate supply on photosynthesis

We found that the net photosynthetic rate (P,) was slightly
inhibited but not significant after 3 days of arsenite exposure.
However, P, was significantly enhanced by addition of exter-
nal Si (1.0 mM), as compared to the control. With increasing
treatment time (6 days), P, was extensively inhibited under
arsenite stress, which was however significantly recovered by
Si supplementation (1.0 mM; Fig. 2a).

On the other hand, the stomatal limitation (L) value was
calculated and compared. It was observed from Fig. 2b that
L value increased significantly under As after 3 days of
treatment, but returned to the normal level when 1.0 mM Si
was added (Fig. 2b). However, no significant differences in
Ly values were observed among treatments at 6 days
(Fig. 2b).

Effects of silicate supply on root elongation
and As accumulation

Compared with the control, excess arsenite exposure
(50 uM) significantly inhibited root growth. Addition of
1.0 mM Si slightly promoted the root elongation.
However, increasing external Si concentration (1.873 mM)
significantly recovered the root growth to the control
level (Fig. 3).
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Under excess arsenite stress (50 uM), the rice plants accu-
mulated on average 662.33+12.50 and 95.67+10.50 mg kg '
As in roots and shoots, respectively (Table 2). Higher level of
external Si concentration (1.873 mM) could significantly de-
crease As content in roots (424.33+25.03) and total As up-
take, while it increased As concentration in shoots (121.00+
19.00) of rice seedlings, compared to the As exposure alone
(Table 2). However, addition of 1.0 mM Si unexpectedly
significantly increased roots (805.00+45.00) and shoots
(124.67+5.03) As concentrations and total As uptake in
93-11 seedlings (Table 2 and Fig. 4a). In addition, it was
observed that the specific As uptake (SAU) and translocation
factor (TF) of 93-11 seedlings markedly increased along with
the increase in external arsenite concentrations from 25 uM to
50 uM (Figs. 1 and 4b). Notably, Si concentration of
1.873 mM significantly enhanced the seedlings’ ability for
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Fig. 2 Effects of exogenous silicate supplementation on the net photo-
synthetic rate (a) and stomatal limitation (b). The 21-day-old 93-11
seedlings were treated with 25 uM arsenite along with or without
1.0 mM sodium silicate for 3 days and 6 days, respectively. Data are
represented as the mean of three replicates £SD. Different letfers indicate
significant difference among different treatments (LSD, p<0.05)

As translocation from roots to shoots, although the total As
uptake decreased extensively (Fig. 4b).

Effect of silicate supply on lipid peroxidation

The MDA content that is a biomarker for lipid peroxidation
was determined to estimate the extent of oxidative damage to
lipids. A significant increase in MDA content was observed
after 6 days of excess arsenite treatment (Fig. 5), indicative of
severe As-induced oxidative stress in roots. Expectedly, the
MDA content significantly decreased after the supplementa-
tion with both 1.0 mM and 1.873 mM concentration of exter-
nal silicate, inferring the beneficial effect of Si on the
amelioration of oxidative stress under As(III) stress.

Effects of silicate supply on antioxidant enzymes

The effects of Si supplementation on SOD, APX, CAT, and
POD activities under excess As(IIl) exposure were exam-
ined. It was observed that the SOD activity was strongly
suppressed after treatment with 50 uM concentration of
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Fig. 3 Effect of external silicate supplementation on the root elonga-
tion of 93-11 seedlings (21 days old) under 50 uM arsenite stress for
6 days. The extent of root elongation was estimated by subtracting the
root length after As(Ill) treatment with that of before treatment. Data
are reported as the average root elongation length + SD. Different
letters indicate significant difference in comparison with the control
(LSD, p=<0.05)
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Table 2 Comparison of biomass (dry weight), total As content, and As concentration in roots and shoots of 93-11 seedlings with different

treatments
Treatment Root Shoot

Dry weight Total As content  Total As Dry weight Total As content  Total As

(g plant ™) (mg plant™ ") concentration (g plant ") (mg plant ") concentration

(mg kg™ (mg kg )

As (50 uM) 0.0211+£0.0010  0.0140+0.0008 662.33+£12.50  0.0191£0.0006  0.0018+0.0002 95.67+10.50
Si (1 mM) + As (50 uM) 0.0253+0.0002  0.0204+0.0012 805.00+45.00  0.0232+0.0002  0.0029+0.0001 124.67+5.03
Si (1.873 mM) + As (50 pM) ~ 0.0284+0.0005  0.0121+0.0009 424.33+£25.03  0.0265+£0.0005  0.0032+0.0005 121.00+19.00

arsenite for 3 and 6 days, and this phenomenon became
more severe after the addition of external silicate in roots
(Fig. 6a). In leaves, strong inhibition of SOD activities were
also observed after 3 and 6 days of the As(Ill) treatments,
while Si supply with the concentration of 1.0 mM signifi-
cantly ameliorated the suppression of SOD activities caused
by excess As (Fig. 6b).

The APX activities were severely inhibited after 3 and
6 days of As(Ill) treatments, but were considerably recovered
in roots when 1.0 mM Si was added. Moreover, addition of
1.873 mM Si elevated the enzyme activity, but did not reach a
significant difference level (Fig. 6¢). In leaves, excess As(III)
alone as well as As(IIT) combination with Si supplementation
slightly increased the APX activity at different times (3 and
6 days) of arsenite challenge. This phenomenon was more
obvious by the addition of 1.0 mM Si, especially at 6 days of
treatment (Fig. 6d).

The CAT activity was strongly inhibited in roots when
1.873 mM Si was added at 6 days of treatment (Fig. 6e).
Besides that, a slight but not significant decrease and increase
in CAT activities under As and/or by Si addition were ob-
served at all other treatment time courses (Fig. 6¢). The CAT
activities were not changed extensively among different treat-
ments in leaves as well, although the sole addition of 1.0 mM
Si at 3 days considerably decreased, while the treatment of

As(IIT) combination with 1.873 mM Si slightly increased the
enzyme activity at 6 days, respectively (Fig. 6f).

Excess As significantly decreased the POD activity but was
slightly promoted when Si was added in roots. However, this
recovery of the enzyme activity by Si supplementation was
not significant in comparison with control (Fig. 6g). A con-
trary change of the enzyme activity was observed in leaves
(Fig. 6h). Si supply significantly increased and decreased the
POD activity at 3 days and 6 days of treatment, respectively.

Discussion

Hydroponic culture was widely adopted to investigate the
plant-environment interactions, although this method has
several limitations compared with the field experiments. In
hydroponic experiments, the compositions of nutrient solu-
tion may have potential impacts on the As uptake and As
content. Compared to the concentration of 100 to 600 uM
endogenous silicon in most soils (Epstein 1999), using
either the Hewitt (Tripathi et al. 2013) or the half-strength
Kimura solution in this study, the rice plants were grown
under Si depletion, and thus the silicon transporters were
likely up-regulated causing an increase in As(IIl) uptake
(Seyfferth and Fendorf 2012). On the other hand, soil

Fig. 4 Specific As uptake (a) (b)
(SAU; a) and As translocation il
factor (TF; b) of 93-11 _ L
seedlings. The rice plants were 1200 a L:’ 0.35 1 a
treated with 50 M arsenite for —~ 10001 p 1 S 03+ T
6 days along with addition of _\9 800 - T J_ § 0.25 A 1
exogenous 1.0 mM or g’ T c S 024 b b
1.873 mM sodium silicate. All < 600 T E 015 4 -
values are the mean of four <DE 400 A § ) -
replicates (£SD). Different n 7] 0.1 7
letters indicate significantly 200 1 S 0.05 +
different values among 0 S ": 0 N
treatments (LSD, p<0.05 D \ N N \ N
(LSD, p=<0.05) 00@ @00@ & < 00@ 6@)@ &
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N & NGO
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Fig. 5 Effect of arsenite and silicate interaction on the MDA content in
the roots of 93-11 seedlings. Arsenic concentration of rice plants (21
dap), treated for 6 days with 50 uM arsenite. Data are reported as the
mean = SD. Different letters indicate significant difference among
different treatments (n=3; LSD, p<0.05)

parameters including the mobile As species and content,
concentration of poorly crystalline iron-(hydr)oxides,
plant-available P and Si, soil texture, as well as the pH and
redox potential of the soil solution may affect As accumu-
lation in rice (Bogdan and Schenk 2009; Williams et al.
2011; Moreno-Jiménez et al. 2012). In soil solution of
aerobic soils, As is strongly adsorbed to iron-, aluminum-,
and manganese-(hydr)oxides. Under flooding conditions,
the redox potential of the soil solution decreased, leading
to the dissolution of As into the pore water, where the
predominant species is As(III) followed by As(V) and
smaller amounts of methylated As species (Xu et al.
2008). Interestingly, in paddy fields, iron plaque would have
formed on the rice roots by micro-aeration and oxidation of
Fe(I) contained in soil water, which plays a barrier role for
As uptake by rice plants (Garnier et al. 2010). In this study,
only one specific As species, As(Ill), was added to the
nutrient solution in which the pH value was at 5.5. Under
such conditions, the redox potential in the solution should
be relatively higher, thereby maintaining the As as the
predominant species As(III). In addition, under hydroponic
culture, no iron plaque formation is expected to have oc-
curred due to NaFe(III)-EDTA being used in nutrient solu-
tion. Thus, effects of iron plaque on the inhibition of As
uptake by rice roots in nutrient solution should be unlikely.
However, compared with the field trials, the experimental
conditions are under better control using hydroponics that
can avoid the effects of soil biogeochemical processes, such
as Fe plaque formation, redox cycling as well as the effect of
microbes, and that may be beneficial for studying only the
impact of silicate addition on arsenite uptake/toxicity.

Soil, plant roots, and microbes may be involved in the
reduction—oxidation cycle of arsenate—arsenite in soils (Zhao
et al. 2009). In aerated nutrient solution, arsenate is rapidly
converted to arsenite by the roots of rice (Xu et al. 2007),
whereas in aerobic soils, arsenite is oxidized rapidly to arse-
nate either by arsenite-oxidizing microbes (Macur et al. 2004)

or by reactions with Mn(IV) oxides (Oscarson et al. 1981). On
the other hand, although arsenite was determined as the pre-
dominant As species in submerged soil solutions, whether
As(III) may be locally oxidized to As(V) in the root rhizo-
sphere remains to be further clarified (Bogdan and Schenk
2008). As reported, due to the diffusion of some oxygen into
the rhizosphere (Armstrong 1967), the rice root has developed
an oxidized root zone (Flessa and Fischer 1992). However, in
strongly reduced soil, the oxidization zone in rhizosphere is
typically confined to within 1 mm of rice roots (Flessa and
Fischer 1992). In addition, under anaerobic conditions, rice
roots develop a barrier by suberization of the exodermis and
lignification of sclerenchyma to counteract the diffusion of
oxygen from the root to rhizosphere (Fleck et al. 2011).
Therefore, it can be inferred that O, loss into the rhizosphere
alone is unlikely to oxidize a bulk of arsenite to arsenate under
hydroponic culture or flooded conditions (Moore et al. 2011;
Roberts etal. 2011). Notably, Guo et al. (2009) reported that in
nutrient solution, 10-20 % of the added arsenite would be
oxidized to arsenate in the absence of rice seedlings. We found
that the components in the nutrient solution of Guo et al.
(2009) are inconsistent with that of ours. Even if a similar
case occurred in this study, arsenite is still the prevalent As
species in the nutrient solution. In combination with the rapid
reduction of arsenate in roots, the major arsenic toxicity to rice
has been caused by As(II) uptake (Verbruggen et al. 2009).

Due to anthropogenic activities, 52,000-112,000 tons of
arsenic was annually released to soil (Nriagu and Pacyna
1988). In most soils, the arsenic concentration varies normally
between 0.2 and 40 mg kg ' (Moreno-Jiménez et al. 2012).
But in some districts of the following countries—Bangladesh,
India, China, Chile, and USA, significant As contamination
has occurred (Liao et al. 2005; Patel et al. 2005). For example,
Patel et al. (2005) reported 9-390 mg kg_1 total As in the soil
samples from a range of moderately and highly contaminated
soils in the central India. In Chenzhou, Hunan province of
China, the local agricultural soils near industrial districts were
heavily contaminated, with the highest As concentration of
1,217 mg kg ' found (Liao et al. 2005). Considering the high
As contamination in many soil sites in China, 50 uM arsenite
was adopted in this study to examine whether external Si
supplementation has a significant role on alleviation of heavy
arsenic toxicity to rice plants, although this concentration is
much higher than those found normally in soil solution
(Moreno-Jiménez et al. 2012).

Although a number of studies revealed the significant
variance in As uptake and concentration between rice cultivars
(Dwivedi et al. 2010; Norton et al. 2010; Rai et al. 2011; Dave
et al. 2012), researches regarding the effect of arsenite on
Chinese cultivated and wild rice are relatively limited. In this
study, using a hydroponic cultivation strategy with the supply
of As in the form of arsenite, we found that both the ability of
total As uptake and translocation differed greatly among the
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Fig. 6 Effects of exogenous
silicate supplementation (1.0 or OcK

1.873 mM) on the antioxidant 300 - asl A 50uM)
enzymes SOD, APX, CAT, and

POD activity in the roots (a, ¢, 250 |
e, g) and leaves (b, d, f, h) of
93-11 21-day-old seedlings
grown in nutrient solution
containing 0 or 50 uM arsenite
for 3 and 6 days. Data are the
mean + SD of four replicates.
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four widely cultivated rice in China. Thus, selection of rice
cultivars is indeed an effective measure that is used to reduce
the accumulation of As in rice (Li et al. 2009). Especially, the
observation that the Chinese wild rice accumulated the highest
As in comparison with the cultivated rice suggests that wild
rice should be cautiously used as gene resources for breeding
rice cultivars with low As concentration.

As reported, photosynthetic inhibitions mainly include
stomatal and non-stomatal limitations. In this study, the
decrease of P, along with the increase of Ly suggests that
the major determinant for the photosynthetic inhibition
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might be due to extensive stomatal closure when treated
with As(IIl) for 3 days. However, the severe inhibition of
photosynthesis by arsenite at 6 days of treatment should be
caused by other non-stomatal limitations, e.g., the inhibition
of pigment synthesis (Jain and Gadre 1997). Azizur Rahman
et al. (2007) reported that both the content of chlorophylls a
and b in rice leaves at the flowering stage decreased along
with the increase in soil arsenic concentrations for all tested
varieties in Bangladesh. Accordingly, under arsenite chal-
lenge, stomatal limitation could have played a greater role in
the early stage, while non-stomatal limitation (biochemical
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limitation) was predominant in the later stage of As(II)
treatment in 93-11 seedlings.

The solubility and mineralogy of silicon amendments
have great impacts on the amelioration effect of Si supple-
mentation on arsenic toxicity. In the previous hydroponic
and field trial experiments, addition of external Si, in the
forms of K,Si05-nH,O and Si gel, respectively, decreased
significantly the total As concentration in rice plants (Guo et
al. 2005, 2007; Li et al. 2009; Seyfferth and Fendorf 2012;
Tripathi et al. 2013). By contrast, the supplementation of
diatomaceous earth, another biogenic Si form and having
low dissolution in pore water, unexpectedly promoted As
uptake and accumulation in the aerial parts of rice plants
(Seyfferth and Fendorf 2012). Li et al. (2009) discussed that
the inhibitory effect of silicate fertilizer on As concentration
would be through a competitive replacement of As(Ill) or
As(V) adsorbed on Fe oxides/hydroxides by silicic acid
under the field trail condition. It is worthy to note that Si
amendments may have opposing impacts on As uptake by
rice. The higher the solubility of Si amendments, the stron-
ger the inhibition ability of Si on As uptake and transloca-
tion (Seyfferth and Fendorf 2012).

At pH <8, arsenite is predominantly present as a neutral
molecule As(OH); due to its high pK, (9.22; Moore et al.
2011), which enters rice root cells and subsequently trans-
ports to xylem through Lsil and Lsi2, respectively (Ma et al.
2008). The two genes are localized in the distal and proxi-
mal side of the exodermis and endodermis cells, respective-
ly (Ma et al. 2006, 2007), where the Casparian strips are
formed that disallow solutes to pass freely through the
endodermis into the stele in mature parts of the roots
(Moore et al. 2011). Under hydroponic culture, the decrease
in As(V) uptake was not due to the direct competition of Si
for the As (P) influx transporter on root cell membranes
(Guo et al. 2007), in contrast to the external Si-mediated
reduction in As(IIT) uptake by rice (Guo et al. 2009; Tripathi
et al. 2013), because arsenite and silicic acid compete with
the same Si transporters during uptake and xylem unloading
(Ma et al. 2008). In younger portion of the roots where the
Casparian strip had not formed, the Si transporters are less
expressed in this region (Yamaji and Ma 2007). Besides,
continuous high-concentration silicic acid supply could sup-
press the expression of Lsil and Lsi2 in the rice cv.
Oochikara (Ma et al. 2006, 2007), and thereby possibly
further affects the extent of arsenite uptake and accumula-
tion in rice (Hoffmann and Schenk 2011; Moore et al. 2011).
We found that under 50 uM As(IIl) stress, addition of
1.873 mM external silicate decreased the As content in roots
and total As uptake, but increased the As accumulation in
shoots of 93-11 seedlings. Norton et al. (2010) identified a
positive correlation between shoot Si and shoot As that is
contrary to that observed by Bogdan and Schenk (2008),
and they explained this phenomenon as the result of genetic

differences between the cultivars used. In accordance with
these observations, Seyfferth and Fendorf (2012) found that
there exists differences in As and Si interactions and As
toxicity between indica and japonica varieties. Accordingly,
the inconsistency observed between the results of Guo et al.
(2005) and ours could be appropriately interpreted by the
differences in the selected rice cultivars (Weiyou 77 vs.
93-11), tested As species and concentrations (0.5 and 1.0 mg
L' arsenate vs. 50 uM arsenite), as well as stress exposure
time (15 vs. 6 days). On the other hand, the enhanced As
accumulation by 1.0 mM Si supplementation might infer that
lower concentration of external Si supply may have induced
the expression of Si transporters Lsil and Lsi2 under exces-
sive arsenite burden, and thereby promotes the As uptake and
translocation. Alternatively, the effect of an extensive As
availability in the solution greatly outweighed the inhibition
of arsenite uptake by 1.0 mM Si. After the addition of higher
dose external Si (1.873 mM), however, Si and As(II) compete
strongly for uptake (Ma et al. 2008; Guo et al. 2009), and
subsequently decreased the total As content in roots.
Notwithstanding, the significant increase of As translocation
from roots to shoots after 1.873 mM Si supplementation may
not be simply explained by the regulation of expression of
Lsi2 (Li et al. 2009), but may involve other transporters given
that, except for Lsil and Lsi2, other NIP subfamily proteins
can mediate the permeability of As(IIl) in rice (Bienert et al.
2008; Ali et al. 2009; Mitani-Ueno et al. 2011).

Arsenic exposure greatly induced the generation of free
radicals and reactive oxygen species (ROS), which further
results in the oxidative damage of various biomolecules,
e.g., lipids and proteins (Shri et al. 2009). Therefore, in-
creasing the plants’ antioxidant capacity is a feasible and
effective approach to improve their tolerance to arsenic
stress (Srivastava et al. 2009). In cell, SOD, APX, CAT,
and POD comprised one of the major defense systems
against oxidative stress (Shri et al. 2009). Choudhury et al.
(2011) found that with the treatments of various concentra-
tions of arsenate, the activity of the enzymes SOD and CAT
was significantly induced and inhibited in the rice cv. MTU
1010, respectively. Due to the low CAT activities, the ele-
vated level of H,O, cannot be efficiently scavenged, leading
to generation of toxicity to rice plants (Choudhury et al.
2011). Using two genotypes with contrasting tolerance to
arsenic (Triguna and IET-4786), Tripathi et al. (2013)
established that Si supplementation enhanced the activity
of antioxidant enzymes including SOD, APX, and GR in
both genotypes; however, the extent of amelioration of As-
induced oxidative stress in tolerant rice (Triguna) was much
stronger. In 93-11 seedlings, the activities of SOD, APX,
and POD in roots as well as the SOD in leaves were
significantly suppressed when exposed to 50 uM dose of
arsenite; the inhibition, however, could be partially or totally
alleviated by Si addition, with the exception of the SOD
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activity in roots (Fig. 6). As known, SOD played an impor-
tant role in dismutation of the superoxide radicals to hydro-
gen peroxide (H,O,; Bowler et al. 1992). The significant
inhibition of the SOD activity was suggestive of more
severe oxidative stress in roots, which might be due to the
inactivation of enzyme directly by As or ROS. In cytosol
and chloroplasts, APX catalyzes the conversion of H,O,
into water by the ascorbate—glutathione (ASC—GSH) cycle
(Noctor and Foyer 1998). The enzyme activity was signifi-
cantly alleviated by Si supply in roots and leaves (Fig. 6).
However, another peroxide-degrading enzyme, CAT,
showed no significant change in its activity, which might
be due to the less availability of H,O, in peroxisomes due to
its efficient breakdown in ASC-GSH cycle (Dwivedi et al.
2010). These observations may suggest the differential
mechanisms of As responses in roots and leaves in the rice
cv. 93-11. Notably, the decreases of SOD and APX activities
under arsenite challenge in the present study were not con-
sistent with the results of Shri et al. (2009), where the
activities of the two enzymes were strongly induced. The
reasons underlying this inconsistency were very complex
and should be mainly attributed to the treated As concentra-
tion, treatment time, and genotypes, etc. In general, addition
of external silicate extensively improved the rice plant’s
tolerance to arsenite, probably through protecting the pho-
tosynthetic machinery, improving the membrane permeabil-
ity, and enhancing the plant’s antioxidant capacity, etc.
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