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To reduce the risk of excessive arsenic (As) in rice by using agronomic methods applicable to common farming in
uncontaminated soil with As, we examined the effect of different start periods of drainage after heading and the
application of iron (Fe) or silicate (Si) materials in concrete frames filled with soil collected from an area surrounding a
former As-polluted region. The concentration of As in the grain decreased with the early start of drainage, whereas the
cadmium (Cd) concentration increased. Thus, maintaining the oxidative condition after heading significantly decreases
the concentration of As in the grain. Fe material application significantly decreased the concentration of As in the grain
compared to the control. The phosphorus (P) concentration ratio of grain to straw (which we regarded as the P
distribution rate of grain and straw) was significantly lower with the delay of the start of drainage. Similar results were
obtained in the solution culture experiment in which the P level was decreased by half in the culture solution. A negative
correlation between the P concentration ratio of grain to straw and the concentration of As in the grain was observed,
indicating that an increase in the P translocation rate from straw to grain would inhibit the accumulation of As in the
grain due to the competition of P and As. Further evaluations of the effects of Fe, Si, and P on water management and

fertilization are needed to reduce the risk of As accumulation in rice grain.
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Introduction

Contamination of soil accompanied by crop growth
inhibition in Japan has rarely been attributed to residues
from pesticides that used to contain arsenic (As; Quazi
et al. 2013) or to geological features that are found in
Southeast Asian countries (Williams et al. 2006). Rather,
such contamination and crop inhibition are believed to
be caused mostly by As that has eluted due to flooding
or spontaneously over a long period of time from muck,
slag, and pit wastewater from mine development, and
then accumulated in agricultural lands (Yamane et al.
1976). When the Agricultural Land Soil Contamination
Prevention Law was enacted in Japan in 1971, 391
hectare (ha) in 14 regions of the country were found to
require control measures for As pollution. In such As-
affected regions, the crop growth inhibition is compara-
tively mild among dry field crops, but it is known to be
severe for paddy field rice (Yamane et al. 1976). This is
because As changes its state depending on the state of
the oxidoreduction of the soil. More specifically, the
reduction of soil by flooding leads to the reduction of the
arsenate (a form of As) to the form arsenite, which has
markedly increased solubility, plant availability, and
toxicity (Takahashi et al. 2004).

Among the techniques for preventing the growth
inhibition of rice in As-affected paddy fields, civil
engineering methods (Yamane 1989) have been used,

including (1) dilution with additional soil and (2) the
removal of contaminated topsoil and replacement with
uncontaminated topsoil. By 2008, of the 391 ha specified
by the Agricultural Land Soil Contamination Prevention
Law in Japan, 324 ha (83%) had been restored through
means such as the removal and admixture of soil
(Ministry of the Environment Government of Japan
2010).

However, the international situation regarding As has
changed markedly in recent years. The issue of As in
food is on the agenda for the Codex Committee. In 1988,
the Joint Food and Agriculture Organization/World
Health Organization Expert Committee on Food Addi-
tives (JECFA) proposed an interim acceptable As intake
of 15 pg/kg (body weight)/week (JECFA 1988), and the
discussion is continuing today from an epidemiological
point of view (JECFA 2010). In addition, the Codex
Committee adopted the maximum level 0.2 mg kg™" for
inorganic As in polished rice by the 37th Session of the
Commission (Codex Alimentarius Commission 2014). It
is thus necessary to establish agronomic management
practices for reducing the accumulation of As in rice
grain even in As-uncontaminated soil.

Many studies have reported methods to reduce As
concentration in rice grain. These methods can be
classified as those (1) maintaining soil oxidation by
water control and preventing the elution of As (Arao
et al. 2009; Li et al. 2009; Talukder et al. 2011, 2012;
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Shaheen et al. 2014), (2) facilitating the formation and
precipitation of poorly soluble As compounds by adding
iron (Fe) materials to the soil (Yamane 1989; Liu et al.
2005; Sun et al. 2006; Nath et al. 2014), and (3)
inhibiting the root uptake by adding silicate (Si)
substances that compete with As even when it has been
eluted off (Guo et al. 2005; Seyfferth & Fendorf 2012;
Hu et al. 2013). Most of these published papers on the
As transfer from soil or culture solution to plants referred
to pot experiments, heavily As-contaminated soils, and
culture solution amended with high levels of As.

However, most of the food consumed originates from
crops grown in fields that are not heavily contaminated
with As, and it is thus necessary to study the effects of
agronomic practices on As transfer from uncontaminated
soil to rice under actual field conditions. There are many
paddy fields in Japan with relatively high As concentra-
tions in areas that have not been subjected to counter-
measures because their As levels were below the
criterion value. We therefore examined the water-saving
culture and the ability of the application of Fe or Si
materials to inhibit As uptake by rice in soil collected
from an area surrounding a former As-polluted region,
with the goal of establishing agronomic methods applic-
able to common paddy field farming.

Materials and methods

Concrete frame experiment
Experimental design

Bottomless concrete frames (0.8 x 0.9 x 0.6 m each)
were used for each replication. The concrete frame
experiment was performed in 2010 in a field at Shimane
University, Matsue, Japan. Each concrete frame was
filled with 400 kg of soil collected from the plow layer
(0—15 cm) of paddy fields in an area surrounding a
former As-polluted region. The tested soil contained
2.3% total C, 0.22% total N, 0.4 mg kg™ total Cd, and
39.5 mg kg™ total As, and it had a pH of 5.5. The total
As concentration in the soil was higher than the
background As concentration in Japanese soil (limura
& Tto 1978).

To understand the accumulation of As in the rice
grain and straw, we conducted the concrete frame
experiment using two types of application of materials
and three start periods of drainage after heading. The
application of materials was comprised of three levels
with nine replicates: (1) no application of materials as a
control, (2) Fe material application, and (3) Si material
application. The start period of drainage after heading
was also comprised of three levels with nine replicates:
the drainage started from (1) heading, (2) 10 days after
heading, and (3) 20 days after heading. Each of the nine
replicates of the application of material were divided into
three levels with three replicates of the treatment of the
start period of drainage. That is, this experiment was
carried out by two-way layout.

Rice cultivation

Seedlings of rice (Oryza sativa L. cv. Koshihikari) were
germinated on raising seedling culture soil (Green Soil,
Izumo Green Co., Izumo, Japan). Two rice seedlings per
hill were transplanted at the spacing of 13 cm by 16 cm
(33.3 hills m™?) in each frame on 30 May 2010.
A compound fertilizer containing 2.16 g of N, 0.94 g of
P, and 1.79 g of K was supplied to each frame by basal
application before the seedlings were transplanted.
Ammonium sulfate containing 1.44 g of N was also
supplied to each frame by top dressing 45 days after the
rice seedlings were transplanted.

The flooding condition of the frames was maintained
from the transplanting to heading period, except for a
midseason drainage carried out from June 30 to July 10.
The heading days occurred between August 5 and
August 10. The water management after heading was
described above. After the seeds had matured, the stems
of the plants were cut at 2 cm above the soil surface on
September 14.

Application of materials and water management after
heading

Two types of commercially available materials were
used in this experiment. For the Fe material, we used
converter furnace slag (FM GOLD, Yoneda Industry
Co., Okayama, Japan) which was obtained as Fe
manufacturing waste and had been used as an agricul-
tural soil conditioner (Fe% = 20%). The application rate
of the Fe material was 0.5 kg m™ with nine replicates.
For the Si material, calcium silicate slag (Si0,% = 30%)
was also applied at the rate of 0.5 kg m™2 with nine
replicates.

These materials were applied to the soil in the
concrete frames 14 days before the transplanting of rice
seedlings, and then the soils were immediately plowed.
The soils were sufficiently flooded and tilled for the
transplanting of rice seedlings 10 days after the applica-
tion of the Fe materials and calcium silicate slag. Frames
without the application of Fe or Si materials were used
as the control.

Three different start periods of drainage were
examined after the heading period. The treatments were
comprised of three levels as described above.

Solution culture experiment

A solution culture experiment was performed in a green-
house under sunlight. Rice seeds were germinated on perlite
without the addition of any nutrients. Two rice seedlings of
similar growth were selected, and two hills including two
seedlings were transplanted into a 30-L plastic container on
June 12 and grown in a standard nutrient solution contain-
ing the macronutrients 0.18 mM (NH,4),SO4, 0.27 mM
MgSO,4 7H,0, 0.09 mM KNO;, 0.18 mM Ca(NOs),
4H,0, and 0.09 mM KH,PO,, and the micronutrients 20
pM NaEDTA-Fe-3H,0, 6.7 pM MnCl,-4H,0, 9.4 uM
H3BO3, 0.015 }lM (NH4)6M070244H20, 0.15 HM
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ZnS047H,0, and 0.16 pM CuSO4-5H,0. The 30-L
plastic containers were used for each replication.This
culture solution was renewed fortnightly, and the pH was
adjusted daily to 5.5 until the harvest on October 3.

To evaluate the effect of different P supply rates after
the heading stage on the accumulation of As in the grain
and straw, this solution culture experiment was con-
ducted with two factors: the adding period of As, and the
P level in culture solution after the heading stage. The
treatment of adding period of As was comprised of three
levels with six replicates each: As (0.4 mg L', as
H3AsO;) was amended during (1) the whole growth
period, (2) before heading, and (3) after heading. The As
amendment to the culture solution was started from July
1 in the plot of (1) the whole growth period and (2)
before heading. Heading occurred on August 22, and
then the As amendment stopped in the plot of (2) and
started in the plot of (3).

The P level treatment in the culture solution after the
heading stage was comprised of two levels with nine
replications each: 0.09 mM and 0.045 mM. KCl was
added instead of KH2PO4 to compensate for the
reduction in potassium concentration. Each of the six
replicates of the As adding period treatment were
divided into two levels with three replicates of the P
level treatment in the culture solution after heading
stage. That is, this experiment was also carried out with a
two-way layout.

After the seeds had matured, the stems of the plants
were cut at the aerial part on October 3.

Chemical analysis of plant tissues

We harvested rice plant samples from each frame and
solution culture, and the harvested samples were air-
dried in a greenhouse for 7 days. The air-dried samples
were divided into the ears and straw. Husks and unfilled
grains were removed from the ears, and the filled grains
and the straw were oven-dried at 75°C for 3 days. The
grains and straw samples were each ground to a fine
powder, and 0.5-g samples were digested in 5:1 (v/v)
HNO3/H,0, (5§ mL) in a microwave oven (UNI8300,
Uniflex Co., Nagano, Japan).

The concentration of As in the digested samples was
determined by atomic absorption spectrophotometry
(25010, Hitachi High-Technologies, Tokyo) with a
hydride generation apparatus (HFS-3, Hitachi High-
Technologies). The concentration of Cd in the digested
samples was determined using the furnace mode of the
atomic absorption spectrophotometer. After dilution of
the digested samples with distilled water, the P in the
samples was measured by the vanadate-molybdate
method (yellow method).

Statistical analysis

The data were analyzed using a one-way or two-way
analysis of variance (ANOVA). The mean separation
between treatments was then determined using the Ryan
significant difference test. Regression analyses were

performed between the As concentrations in rice grain
and straw and the chemical properties of the plants.

Results

Growth and concentration of As, Cd, and P of rice
plants at the heading stage in the concrete frame
experiment

The plant growth parameters at the heading stage are
shown in Table 1. There were no significant differences
in the plant length or number of tillers due to the
application of materials. The soil plant analysis devel-
opment (SPAD) value was significantly higher in the Fe
application than in the control and Si application. Table 2
shows the concentrations of As, Cd, and P in the tiller at
the heading stage. Although the concentrations of Cd
and P in the tiller grown in the soil to which Fe was
applied tended to be lower than that grown in the control
and Si application, no significant differences were
observed among the treatments. The application of
materials showed significant effects on the concentration
of As in the tiller at the heading stage; the application of
Fe material significantly reduced the As concentration in
the tiller compared to the control (p < 0.05).

Grain yield, biomass production and concentrations of
As, Cd, and P in the grain and straw in the concrete
frame experiment

The grain yield and biomass production of straw at
harvest are shown in Table 3. No significant effect of the
start period of drainage or the application of materials
was observed on the grain yield or the biomass produc-
tion of straw. The concentration of As in the soil tested
in this experiment was considerably higher than the
average concentration observed in Japan, but it was
under the criterion value. The data in this experiment
were equivalent to an above-average yield in Japan.
Therefore, the rice cultivation in this experiment can be
carried out normally without growth inhibition by As.
The results of the statistical analyses of the concen-
trations of As and Cd in the rice plants are shown in
Table 4. The ANOVA revealed that the start period of
drainage had significant effects on the concentration of
As in the grain and that of Cd in the grain and straw. The
concentration of As in the straw was not significantly
affected by the start period of drainage. The significant

Table 1. Effect of the material application on the growth of rice
at heading stage in the concrete frame experiment.

Plant length (cm) Number of tiller SPAD
Control  92.7+0.98 a 21.8+0.7 a 389+03a
Fe 925+ 142 a 21.3+05a 409+04b
Si 949 +1.81 a 22.1+06a 39.0+06a
Analysis of variance
p = 0.4500 p =0.6478 p =0.0045%**

Note: Data are means + SE; n = 9. Different letters within a column
indicate significant differences by Ryan test at p < 0.05.
***Represents significance at the 0.001 probability level.



68 S. Matsumoto et al.

Table 2. Concentrations of As, Cd, and P in the tiller at heading
stage in the concrete frame experiment.

As(mgkg™)  Cd(mgkg™)  P(mgkg™)
Control 4.77+0.32 a 0.102 £0.021 a 4418 £ 666 a
Fe 316 £ 045 b 0.085+0.016a 3743 +681 a
Si 374+ 043 ab 0.100 £0.021 a 4537 £403 a
Analysis of variance
p = 0.0310% p =0.7863 p = 0.6046

Note: Data are means = SE; n = 9. Different letters within a column
indicate significant differences by Ryan test at p < 0.05.
*Represents significance at the 0.05 probability level.

effect of the material application was observed only for
the concentration of As in the grain. There was no
significant effects of the interaction between the start
period of drainage and the application of materials on the
concentrations of As or Cd in the rice plants.

The concentration of Cd in the grain was greatly
decreased with the delay of the drainage period (Figure
la). The concentration of Cd in the grain was sixfold
lower when the drainage was started 20 days after
heading than when it was started from heading. Thus,
maintaining the flooded condition after heading must be
effective to reduce the Cd concentration in the grain.
However, the concentration of As in the grain showed a
reaction opposite to that of Cd (Figuer 1b). The
concentration of As in the grain increased with the delay
in the start period of drainage. There was a significant
difference between the drainage started 20 days after
heading and that started at heading. Thus, maintaining
the flooded condition after heading significantly
increased the concentration of As in the grain.

As described above, the concentration of As in the
grain was significantly affected by the application of
materials (Table 4). Especially, the Fe material applica-
tion significantly decreased the concentration of As in
the grain compared to the control, whereas the Si
application did not produce a significant difference
(Figure 1b). No significant difference was observed on
the concentration of Cd in the grain among the material
applications (Figure 1a).

Table 5 shows the concentration of P in the grain and
straw and the concentration ratio of grain to straw. There
was no significant effect of the interaction between the
start period of drainage and the application of materials

on these values. The start period of drainage and the
material application did not have significant effects on
the concentration of P in the grain. The concentration of
P in the straw tended to be higher at 20 days after
heading than at heading and 10 days after heading, but
no significant difference was observed among the
treatments.

There was a significant effect of the start period of
drainage on the P concentration ratio of grain to straw.
The P concentration ratio of grain to straw was
significantly lower in the drainage started from 20 days
after heading than in the other plots. We regarded the P
concentration ratio of grain to straw as a P distribution
rate of grain and straw. A significant negative correlation
(p < 0.05) was observed between the P concentration
ratio of grain to straw and the concentration of As in the
grain in each of the Fe (Figure 2b) and Si (Figure 2c¢)
application plots, whereas no correlation was observed in
the control plot (Figure 2a).

Effect of P level in culture solution on the As
accumulation of rice grain

To evaluate the effect of different P supply rates after
the heading stage on the accumulation of As in the
grain and straw, we conducted a solution culture
experiment with the two factors of the adding period
of As and the P concentration in culture solution after
the heading stage.

The concentrations of As in the grain and straw were
significantly changed by the adding period of As in the
culture solution (Table 6). The highest concentration was
observed with the adding of As throughout the entire
growth period, followed by the adding of As after the
heading growth period. The concentration of As in the
grain and straw grown in the culture solution added with
As before the heading growth period was the lowest
among the treatments. Reducing the P level in the culture
solution after the heading growth period significantly
decreased the As accumulation in the grain.

The concentration of P in the grain did not show a
significant difference despite the reduction of P in the
culture solution after the heading growth period (Table
6). On the other hand, the concentration of P in the straw
was significantly decreased by the reduction of P in

Table 3. The grain yield and biomass production of straw at harvest in the concrete frame experiment.

Treatment

Grain yield (g m™2) Dry weight of straw (g m™?)

Start period of drainage (D) Heading
10 days after heading
20 days after heading
Control
Fe
Si
Analysis of variance D
M
D xM

Material application (M)

960 + 43 1142 + 38
931 £ 21 1072 + 40
926 + 32 1245 + 65
978 £ 27 1143 + 24
914 + 38 1084 + 45
925 + 32 1236 + 70

ns ns

ns ns

ns ns

Note: Data are means = SE; n = 9.
ns, not significant at the 0.05 probability level.
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Table 4. Analysis of variance (two-way ANOVA) on the
concentration of As, Cd, and P in the grain and straw at harvest
in the concrete frame experiment.

As Cd

Grain Straw Grain Straw

Start period of 0.0056** 0.3587 <0.0001 0.0003***

drainage (D)

Material 0.0376*  0.1292  0.1890 0.9499
application (M)
D xM 0.1742 0.2460  0.3639 0.5698

*Represents significance at the 0.05 probability level.
**Represents significance at the 0.01 probability level.
***Represents significance at the 0.0001 probability level.

the culture solution. These results indicate that the P
concentration in the grain would be maintained at a
certain concentration by the translocation of P from
straw to grain. In fact, the P concentration ratio of the
grain to straw was significantly higher in the culture
solution with a reduced P level compared to that with the
normal P level, indicating that a different rate of P
translocation from straw to grain had occurred with the
reduction of the P supply rate after the heading growth
period.

A significant negative correlation was observed
between the concentration of As in the grain and the P
concentration ratio of grain to straw when the P level
was decreased by half in the culture solution (Figure 3b),
while the correlation was not observed when the P level

010
a (a)
0.08
NS

" 0.06
< b
£
- 004 -
[&]

002 &

0.00 | \

Heading 10 days after 20 days after Control Fa Si

heading heading

- - Material application
Start period of drainage

08 (b)
b a
ab
b
Heading 10 days after 20 days after Control Fe Si

heading heading
Material application
Start period of drainage

Figure 1. Effects of the start period of drainage after heading
and the application of materials on the concentrations of Cd (a)
and As (b) in rice grain at harvest (mean + SE; n = 9). Different
letters within each treatment indicate significant difference by
Ryan test at p < 0.05.

was maintained with normal (Figure 3a). Thus, the
increase in the rate of P translocation from straw to
grain (i.e. a high rate of the P concentration ratio of grain
to straw) induced by the reduction of P supply rate
significantly decreased the accumulation of As in the
grain. This result was similar to that of the concrete
frame experiment using soil.

Discussion

Effect of the start period of drainage on the
accumulation of As in the grain

Water-saving cultivation has been practiced to mitigate
damages in paddy fields in As-affected regions (Maejima
et al. 2008). This is because As changes its state
depending on the state of the oxidoreduction of the
soil. More specifically, the oxidation of soil by drainage
leads to the oxidation of the arsenite to the form of
arsenate, which has markedly decreased solubility, plant
availability, and toxicity (Takahashi et al. 2004). In areas
suffering from rice yield reduction caused by As
contamination, the cultivation of rice under aerobic
conditions has been recommended (Yamane et al. 1976;
Sarkar et al. 2012). On the other hand, soil flooding has
a variety of benefits for rice cultivation, such as
enhancing the quality and grade of brown rice, weed
control, and the prevention of damage by continuous
cropping (Kyuma 2004). Water-saving throughout the
cultivation period is thus difficult to apply in common
paddy field farming.

For this reason, water control to reduce the As
concentration in rice while maintaining yield and quality
has not been investigated in detail and has remained
largely unknown. Arao et al. (2009) cultivated paddy
field rice in 1/5000a Wagner pots with two types of soil
with differing concentrations of 1 M HCl-soluble As;
they investigated the effects of seven water control
regimes on the As concentration in the grain. In both
soil types, the As concentration in grain was reduced to
1/9 to 1/10 by water-saving management for 3 weeks
before and after heading compared to the concentration
in rice cultivated under continuous flooding conditions.
However, the Cd concentrations in the grain were
highest under this condition. Although Cd becomes
insoluble and less prone to uptake by paddy field rice
when the soil is reductive due to flooding, oxidative
conditions promote the solubilization of Cd as well as its
uptake by paddy field rice. Arao et al. (2009) thus
concluded that it was difficult to simultaneously reduce
As and Cd, which are in a trade-off relationship, with
water control alone.

In the present study, the results in the concrete frame
experiment agreed with the study by Arao et al. (2009).
The results show that the As level in brown rice was
reduced by 40%, but the Cd level was about sixfold
higher when water was drained starting from the heading
period compared to the concentrations in cultivation
where flooding was maintained for 20 days after the
heading period (Figure 1). Thus, although early drainage
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Table 5. The concentration of P in the grain and straw and the concentration ratio of grain to straw at harvest in the concrete frame

experiment.
P (mg kg™
Grain Straw Grain/straw
Start period of drainage (D) Heading 3322 +49 a 2071 £ 117 a 1.66 £ 0.10 a
10 days after heading 3415+ 58 a 1964 + 88 a 1.78 £ 0.09 a
20 days after heading 3208 + 74 a 2345+ 97 a 1.39 £0.06 b
Material application (M) Control 3328+ 53 a 2077 £ 80 a 1.63 £ 0.07 a
Fe 3324 £ 41 a 2219 £ 126 a 1.55+£0.10 a
Si 3293+ 65a 2085 £ 129 a 1.65+0.12 a
Analysis of variance D 0.0728 0.0957 0.0351*
M 0.9035 0.6489 0.7586
D x M 0.2053 0.5168 0.4583

Note: Data are means + SE; n = 9. Different letters within a column indicate significant differences by Ryan test at p < 0.05.

*Represents significance at the 0.05 probability level.

presents the risk of increasing the Cd concentration in
grain in regions that show relatively high Cd concentra-
tions in the soil, it is effective to reduce the As
concentration in grain.

Effect of material application on the accumulation of
As in grain

We also observed that the application of materials had a
significant effect on the As accumulation in the grain
(Table 2). Many researchers have reported that Si
application was effective to reduce the As uptake by
rice grown on As-polluted soil or culture solution
supplied with a high concentration of As. Li et al.
(2009) reported that Si fertilization decreased the total
As concentration in straw and grain by 78% and 16%,

07 (@

0.6 o

0.5 o

0.4 o
0.3 o

0.2 o

0.1

As concentration (mg kg™1)

0 0.5 1 1.5 2 25
P concentration ratio of grain to straw

07 4 (@

0.6
05 A
0.4
0.3
0.2

0.1

As concentration (mg kg™1)

0 0.5 1 1.5 2 2.5
P concentration ratio of grain to straw

As concentration (mg kg™1)

y =-0.2427x + 0.7505
R? = 0.488**

respectively, and that it specifically decreased the uptake
of arsenite.

One of the primary factors in the reduction of As
uptake by rice is thought to be competition between As
and Si because of their chemical similarities; that is, the
uptake of arsenite and methylated As into shoots is
mediated by Si uptake mechanisms. It was also reported
that a high silicate concentration in soil solution and in
nutrient solution reduced the plant As uptake (Bogdan &
Schenk 2008; Guo et al. 2005, 2007; Seyfferth &
Fendorf 2012). In the present study, however, Si
application did not show a significant difference from
the control on the concentration of As in both grain and
straw (Table 2 and Figure 1), although the As concen-
trations in the grain and straw tended to be lower than
those of the control.

07 - (b)
06

0.5 y =—0.3305x + 0.8258
0.4 R?=0.6683**

0.3

0.2 [m]
0.1

0 0.5 1 1.5 2 2.5
P concentration ratio of grain to straw

Figure 2. Relationships between the P concentration ratio of grain to straw and the As concentration in grain in (a) control (no
material application; circles), (b) Fe application (squares), and (c) Si application (triangles). **p < 0.01, *p < 0.05. Open symbols:
drainage started from heading. Gray-filled symbols: drainage started 10 days after heading. Black-filled symbols: drainage started 20

days after heading.
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Table 6. Effects of As application period and P level in culture solution after heading on the concentration of As and P in the grain and straw at harvest in solution culture experiment.

Straw (mg kg™ Grain/straw

Grain (mg kg™")

Straw (mg kg™') Grain/straw

Grain (mg kg™")

Treatments

3844 + 148 a 8485 t a 0.463 £+ 678 a

0.036 + 0.004
0.033 + 0.006
0.025 £ 0.004
0.034 + 0.003
0.029 + 0.004

Analysis of variance

141+12a
<0.0000%***

Whole growth period 0.486 £ 0.035 a

As application (A)

39+05¢ 4209 + 142 a 7745 £ a 0.589 £ 962 b
105+05Db

0.126 £ 0.023 ¢
0.253 £0.042 b
0.335 £0.049 a
0.242 + 0.064 b

Before heading
After heading

0.519 £ 655 ab
0433 £249 a

7943 + a

3991 + 144 a

9597 + a

4123 £ 123 a

103+18a

Standard
Half of standard

P level (P)

0.615 £ 354 b

6518 £ b

3906 = 117 a

87+14a

0.0448*
<0.0003***

0.03539
<0.0000***

0.2583
0.2304
0.7899

0.1522
0.0777
0.0448

0.0725
0.1965

<0.0000%**
0.0079%**
0.1071

0.0813

0.2519

Different letters within a column indicate significant differences by Ryan test (As application, n = 6; P level, n = 9, p < 0.05).

*Represents significance at the 0.05 probability level.
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**Represents significance at the 0.01 probability level.

***Represents significance at the 0.0001 probability level.

0.7 (a)
0.6 - ®

0.5 -
0.4 ()
0.3 - 9

0.2 | o @)
0.1 |

As concentration (mg kg?)

0.0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

P concentration ratio of grain to straw

0.7 (b)

0.6 A
0.5

04 A A - 11319x+09379
R? = 0.5488**

0.3 A

0.2

As concentration (mg kg?)

0.1

0.0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
P concentration ratio of grain to straw

Figure 3. Relationships between the P concentration ratio of
grain to straw and the As concentration in grain in the solution
culture experiment conducted with different application periods
of As and different levels of P in culture solution. (a) standard
P concentration, (b) half of the standard P concentration. *p <
0.01. Open symbols: As amendment before heading. Gray-
filled symbols: As amendment after heading. Black-filled
symbols: As amendment for the entire growth period.

We speculated that the application of silicate pre-
vented As uptake by paddy field rice competitively
because of the chemical similarities between As and
silicate. Bogdan and Schenk (2009) characterized the
contribution of soil characteristics to the As content of
rice, and they concluded that Na-acetate extracted
silicate was only weakly related to the Si content in
rice straw and did not contribute to the As concentration
in rice. Therefore, the effect of silicate application should
be considered when determining the application rate and
the type of silicate materials.

We found in the present study that the application of
Fe materials resulted in an extremely significant reduc-
tion of the As concentration in grain and straw (Table 2
and Figure 1). The As concentration in grain to which Fe
material was applied was reduced by 42% compared to
the control. These results demonstrate that the applica-
tion of Fe materials strongly retarded the uptake of As by
the rice plants. It was reported that the application of Fe
materials decreased the absorption of As by paddy field
rice (Yamane 1989; Nath et al. 2014).

The possible effects of the application of Fe materi-
als include: (1) the increased deposition of Fe oxide in
an oxidized band around rice roots and within rice roots
and the inhibition of the penetration of As into the roots
(Taylor et al. 1984; Liu et al. 2004); (2) co-precipitation
around neutral pH when the ratio of Fe to As increases
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(Yamaguchi et al. 2011); and (3) suppression of the
release of soluble arsenite by the adsorption of arsenate
by Fe (Goldberg 2002; Takahashi et al. 2004; Xu et al.
2008; Bogdan & Schenk 2009). Although most of these
reports were conducted using As-polluted soil or solu-
tion culture supplied with a high concentration of As, the
results of the present study demonstrated the effective-
ness of Fe application for reducing the As concentration
in rice grain grown on nonpolluted soil. In other words,
Fe application is useful to reduce the risk of As
accumulation in rice grain even in common paddy field
farming. The application of Fe materials is a common
practice in rice production systems in Southeast Asia.
Further studies are needed to determine the optimal
application rate and type of Fe materials and to identify
the amount of Fe oxide in soil that is closely related to
the availability of As.

Effect of phosphorus translocation on the
accumulation of As in grain

In the present study, the Cd concentration in the grain
was greatly changed by the different start periods of
drainage. The Cd concentration in the grain with
drainage starting at heading was sixfold higher than
that started from 20 days after heading. On the other
hand, the difference in the As concentration in the grain
among the start period of drainage treatments was lower
than that of the Cd concentration. The availability of Cd
and As was changed by the state of the oxidoreduction
of the soil as described above.

These results indicate that accumulation of As in the
grain may be less susceptible to the oxidoreduction of
the soil than that of Cd. The marked change in the Cd
concentration in grain by the water management may be
explained by the reports that transport of Cd to the grain
can occur from roots via the xylem as well as
remobilization from leaves and culm after heading
(Kashiwagi et al. 2009; Ishikawa et al. 2011). Thus, Cd
accumulation in the grain would well reflect the increase
in the amount of available Cd in soil that is derived from
the early period drainage after heading.

It has been reported that As enters the roots either as
arsenite taken up by rice roots through the highly
efficient Si transport pathway (Ma et al. 2008) or as
arsenate via arsenate/phosphate cotransporters (Abedin
et al. 2002). Wu et al. (2011) demonstrated that As
transported in the xylem sap consisted of both arsenate
and arsenite, with their proportions changing over the
time course of arsenate exposure; arsenate was initially
the dominant species, but by 24 h the majority of As was
arsenite in the wild-type cv Nipponbare. Furthermore,
even if some arsenate is taken up from the relatively
oxygenated rhizosphere of rice roots, the pentavalent As
is efficiently reduced to arsenite in roots and shoots, so
that arsenite became the dominant form transported in
the xylem and phloem. Arsenite was reported to be the
predominant chemical species of As in rice shoot and
grain (Naito et al. 2015). Therefore, many researchers
have reported the relationship between Si and As

(Guo et al. 2005; Seyfferth & Fendorf 2012; Hu et al.
2013) because arsenite shares the Si transport pathway
(Ma et al. 2008). However, Si is not readily accumulated
in the grain but rather deposited in the husk, which is
primarily xylem fed (Lombi et al. 2009).

Li et al. (2009) demonstrated that the application of
Si fertilization decreased the total As concentration in
straw and grain by 78% and 16%, respectively, and
specifically decreased the arsenite uptake. These results
indicate that the suppression of As accumulation in the
grain by Si fertilization would be much less than that in
shoots. Norton et al. (2010) reported that no correlation
was observed between shoot Si and grain As, and
suggest that although the uptake of arsenite and methy-
lated As into shoots is mediated by the Si uptake
mechanisms, the translocation of As from shoots to
grain — especially the unloading of As into the grain —
may involve the system of P transport. If indeed arsenate
may be the main form of As transported to the grain
because arsenate would be readily translocated from
shoot to grain during P mobilization (Zhang et al. 2007;
Norton et al. 2008; Jiang et al. 2014).

Lou-Hing et al. (2011) demonstrated that As uptake
and translocation from root to shoot in rice grown on
culture solution applied with arsenite or arsenate were
decreased by high phosphate treatments (>50 uM). Both
tissue phosphorus and As concentrations did not respond
differently to arsenate or arsenite treatments. They
supposed that both As species were involved in a shared
pathway responsible for reduced As sensitivity. Arsenite
is more reactive than arsenate and these ions exist in
equilibrium with each other, driven by redox status.
Alternatively, arsenite reduced to arsenate at the cellular
level would allow phosphate to out-compete arsenate in
metabolism due to the higher tissue phosphate status.
Norton et al. (2010) also considered that free arsenate
and arsenite were in equilibrium that was driven toward
arsenite by the reducing conditions of plant cells,
maintained by arsenate reductases or other nonenzymatic
pathways.

Recently, the relationship between As and phosphate
was demonstrated at the genetic level. Norton et al.
(2008) showed that genes involved in rice phosphate
transport were regulated by arsenate exposure. Zhang
et al. (2007) identified a region on chromosome 8 of rice
that is responsible for increasing shoot P concentration
and decreasing grain As concentration by the mapping of
quantitative trait loci.

These reports suggest that the reduction of As
accumulation in grain is not as large as the decrease in
available As in the soil by the early period of drainage.
Thus, the relationship between P and As on the
translocation from shoots to grain must be also con-
sidered for the accumulation of As in the grain.

Generally, it is well known that P availability in soil
is decreased by oxidation with drainage. Fe and Si
applications also decrease P availability in soil due to the
fixation of As with Fe oxide and competition with As
and Si (Bogdan & Schenk 2009). Therefore, the early
start of drainage after heading and the Fe or Si
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application in the present study would inhibit P supply to
the rice plant. However, there was little difference in the
P concentrations in the grain among the present treat-
ments, whereas the P concentration in straw tended to be
lower in the early period of drainage (Table 5).

The concentration of P in grain stays at a certain
level because grain is a strong sink of P, and the P
translocation from shoots to grain would accelerate in
rice plants when the P supply from soil is restricted. We
regarded the P concentration ratio of grain to straw as the
P distribution rate of grain and straw. The P concentra-
tion ratio of grain to straw was significantly lower in the
drainage started from 20 days after heading than in the
other plots (Table 5). A similar result was also obtained
in the solution culture experiment in which the P level
was decreased by half in the culture solution (Table 6).

These results indicate that the P translocation from
shoot to grain is stimulated when the P supply from soil
or culture solution is restricted. In that situation, we
observed a negative correlation between the P concen-
tration ratio of grain to straw and the concentration of As
in the grain in both the concrete frame experiment
(Figure 2b and 2c) and the solution culture experiment
(Figure 3b). These results suggest that the increasing of
the P translocation rate from straw to grain would inhibit
the accumulation of As in the grain due to the competi-
tion of P and As.

Phosphate transporters have been identified as
mechanisms of arsenate assimilation in rice, as the two
ions are analogs (Abedin et al. 2002; Meharg & Jardine
2003). Norton et al. (2010) reported that As utilizes the P
transport mechanisms in rice for transport into the grain,
and P then outcompetes As in the translocation from
shoots to grain. Our results should be in agreement with
those studies, and thus further studies of the P interaction
with As accumulation in the grain are needed. After their
survey of plant samples from 68 fields, Bogdan and
Schenk (2009) suggested that fertilizer management such
as low P fertilization plus Fe and Si application may
decrease the As concentration in grain.

To reduce the risk of excessive As accumulation in
rice grain by using agronomic methods applicable to
common farming, detailed evaluations of the effects of
Fe, Si, and P on water management and fertilization are
needed.
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