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plication significantly decreased the As concentration in shoots under low arsenite stress,
but showed different effects under high arsenite stress after 7 days of incubation. The re-
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in roots. In the 8As+Si treatment, the expressions of OsLsi1, OsLsi2, and OsABCC1 were signif-
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icantly promoted, which resulted in substantially higher As accumulation in both the roots
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and shoots. In the roots, As predominantly accumulated in the symplasts (90.6%–98.3%), in
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which the majority of As was sequestered in vacuoles (79.0%–94.0%) under both levels of arsenite stress. Compared with that of the 8As treatment, the 8As+Si treatment significantly
increased the As concentration in cell walls, but showed no difference in the vacuolar As
concentration, which remained constant at approximately 69.1–71.7 mg/kg during days 4–7.
It appeared that the capacity of root cells to sequester As in the vacuoles had a threshold, and the excess As tended to accumulate in the cell walls and transfer to the shoots
via apoplasts under high arsenite stress. This study provides a better understanding of the
different effects of foliar Si application on As accumulation in rice from the view of arseniterelated gene expression and As subcellular distribution in roots.
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Introduction
Arsenic contamination in paddy fields has caused worldwide
concern because rice plants effectively accumulate As, which
leads to health issues in people that consume rice as a staple
food (Hou et al., 2020; Kim et al., 2014). For example, the As
concentration in pore water can reach up to approximately
0.5–0.9 mg/L in paddy soils contaminated with approximately
25–130 mg/kg of total As, and arsenite in pore water is the
major form absorbed by rice (Muehe et al., 2019; Syu et al.,
2016). Therefore, effective measures that reduce arsenite uptake and root-to-shoot translocation in rice are essential for
food security and sustainable agricultural development of Ascontaminated paddy soils (Hou et al., 2020; Kim et al., 2014).
Si application in soil, such as sodium silicate and silica
gel, can effectively decrease arsenite uptake in rice because
arsenite shares the uptake pathway of silica acid owing to
their analogous structures (Li et al., 2018; Syu et al., 2016). Recently, foliar application of sodium silicate and nanoscale silica sol has been developed (Liu et al., 2014; Syu et al., 2016;
Zhang et al., 2020) in order to increase the efficiency of Si
uptake and avoid the disadvantage of Si application in soil
that more arsenite is released into soil solution owing to its
competitive adsorption onto soil minerals (Lee et al., 2014;
Li et al., 2018). However, the effect of foliar Si application varied in previous studies, and the underlying mechanisms deserve detailed investigation to optimize practical application
(Syu et al., 2016; Zhang et al., 2020; Liu et al., 2014).
Foliar Si application is considered to affect arsenite uptake and root-to-shoot translocation in rice via the following means. (1) Si accumulation in rice. Foliar spraying of
sodium silicate increased the Si concentration in roots and
shoots when rice was grown in paddy soil contaminated with
70 mg/kg of total As (Zhang et al., 2020). However, such an increase in Si accumulation was not observed when rice was
grown in another paddy soil contaminated with 130 mg/kg
of total As (Syu et al., 2016). It appears that the level of As
stress is an important factor that influences the performance
of Si application, which should be investigated. (2) Gene expression of As-related transporters in roots. Roots are crucial
compartments for absorbing As and restricting root-to-shoot
As translocation, in which OsLsi1, OsLsi2, and OsABCC1 transporters play important roles (Ma et al., 2006, 2008). OsLsi1 is
responsible for Si/As transfer from apoplasts into root cells,
and OsLsi2 transports Si/As from root cells to apoplasts and
facilitates xylem loading (Ma et al., 2006, 2008). OsABCC1 localizes in the tonoplast and mediates As transfer from cytosol to vacuoles for detoxification (Song et al., 2014). The
relative expressions of OsLsi1 and OsLsi2 genes in roots are
down-regulated under foliar spraying with sodium silicate
(Zhang et al., 2020). Although vacuolar sequestration of As in
root cells is the most important subcellular part for retaining
As in roots (Moore et al., 2011), it remains unclear how foliar
Si application affects the expression of the OsABCC1 gene. (3)
Arsenic subcellular distribution. As uptake by roots can occur
through different routes: the apoplastic route through the cell
walls, the symplastic route through cellular connections, and
a coupled trans-cellular route involving polarized infulx and
efflux carriers (Barberon and Geldner, 2014; White, 2012). So
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do the As transport pathways upwards to the shoots (Ma et al.,
2008; Moore et al., 2011). Therefore, investigation of the As
distribution in different subcellular components is useful to
evaluate the contribution of different pathways. Si is an important constituent of cell walls (Cosgrove, 2005; Logan and
Leaver, 2000), in which high Si accumulation can increase the
thickness and mechanical force of cell walls (Cui et al., 2017,
2020; He et al., 2013). Foliar Si application significantly increases the percentage of As combined on the cell walls of
rice shoots (Liu et al., 2014). However, it is poorly understood
whether foliar Si application can alleviate As accumulation in
other subcellular parts, such as vacuoles and organelles.
In this study, the effects of foliar application of nanoscale
silica sol on As uptake and root-to-shoot translocation in rice
were investigated under low (2 μmol/L) and high (8 μmol/L)
arsenite stress. Their performances were elucidated from the
following aspects: concentrations of As and Si in roots and
shoots, relative expressions of OsLsi1, OsLsi2, and OsABCC1
genes and subcellular accumulation of As in roots. The results
obtained will provide a better understanding of the reasons
why foliar Si application shows different performances in As
accumulation in rice under different As stress, based on which
refined guidelines can be created that will be more practical
for its application in As-contaminated fields in the future.

1.

Materials and methods

1.1.

Plant materials and growth conditions

The As tolerant line rice (cv. Oryza sativa L.) variety Youyou
128 was selected because Si addition generally reduces As
phytotoxicity more significantly in tolerant rice than sensitive
rice (Suriyagoda et al., 2018; Tripathi et al., 2013; Zhou et al.,
2015). The rice seeds were purchased from the Vegetable Research Institute of Guangdong Agricultural Academy. After being sterilized in 75% ethyl alcohol and 30% H2 O2 , the seeds
were thoroughly rinsed with deionized water, soaked for 4 hr,
and then placed on a sheet of moist filter paper in the dark
at 25 °C. Once germinated, the rice seedlings were transferred
into a 2 L plastic pot containing half-strength Kimura B solution. The seedlings were grown in an artificial greenhouse
at 22–28 °C and 70% relative humidity with a photoperiod of
10:14 hr (light/dark; light intensity of 300 μmol/(m2 •sec)). After three weeks, seedlings of the same size were selected and
transferred to another 2 L plastic pot (24 seedlings per pot).
The composition of half-strength Kimura B solution was
as follows: 0.18 mmol/L (NH4 )2 SO4 , 0.27 mmol/L MgSO4 ,
0.09 mmol/L KNO3 , 0.09 mmol/L KH2 PO4 , 0.18 mmol/L
Ca(NO3 )2 , 0.05 mmol/L K2 SO4 , 25.00 μmol/L NaFe-EDTA, 2.50
μmol/L MnSO4 , 0.50 μmol/L ZnSO4 , 0.50 μmol/L CuSO4 , 5.00
μmol/L H3 BO3 , 0.25 μmol/L Na2 MoO4 , and 0.10 μmol/L CoSO4 .
The pH of the hydroponic nutrient solution was adjusted to
5.6 with 1.0 mol/L KOH or 1.0 mol/L HCl, and the nutrient solution was renewed every 3 days. The nutrient solution was
an Si-free formulation with an Si concentration below the detection limit of 0.013 mmol/L to minimize the competitive
uptake between silicic acid and arsenite by roots (Ma et al.,
2008; Yamaji and Ma, 2007).
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1.2.
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As and Si treatment and sample preparation

Before the As and/or Si treatments, the rice seedlings were
precultured for approximately one week until five real leaves
were fully developed for foliar Si application. Six treatments
were conducted as follows. (1) CK: control without any As or Si
addition; (2) CK+Si: foliar application of 5 mmol/L silica sol; (3)
2As: addition of 2 μmol/L NaAsO2 in the nutrient solution; (4)
2As+Si: addition of 2 μmol/L NaAsO2 in the nutrient solution
and foliar application of 5 mmol/L silica sol; (5) 8As: addition
of 8 μmol/L NaAsO2 in the nutrient solution; and (6) 8As+Si:
addition of 8 μmol/L NaAsO2 in the nutrient solution and foliar
application of 5 mmol/L silica sol. The low and high concentrations of NaAsO2 in this study were chosen by referencing
Muehe et al. (2019) and Ma et al. (2008). Each treatment was
conducted in three pots as replicates. Silica sol (SiO2 ; 12 nm;
Strem Chemicals Inc., USA) was sprayed on the rice leaves at a
rate of 50 mL/pot twice per day for one week. The CK, 2As, and
8As treatments were sprayed with the same volume of distilled water as that in the +Si treatments. In order to avoid the
dripping of sprayed Si solution into the nutrient solution, the
surface of each pot was covered with plates during the incubation period and absorbent paper was placed on the surface
of the plates during the foliar application of Si solution.
During the experiments, the rice plants were harvested on
days 1, 4, and 7. The samples were divided into three parts.
The first part was washed with distilled water, divided into the
roots and shoots, and dried in an oven at 65 °C. All the dried
samples were ground into powder using a squeezer for As and
Si analysis. The second part was divided into the roots and
shoots and frozen at −80 °C immediately before being milled
to powder in liquid nitrogen for RNA extraction. The third part
was washed with distilled water and the roots were collected
for separation of subcellular components.

1.3.

Separation of subcellular components

The washed roots were further divided into two portions. One
portion was dipped immediately in an ice-cold phosphoric
acid solution (1.0 mmol/L K2 HPO4 , 0.5 mmol/L Ca(NO3 )2 , and
5.0 mmol/L MES; pH of 5.5) for 15 min to collect As from the
apoplasts (Liu et al., 2010; Zhang et al., 2017). The roots were
then rinsed with distilled water three times, dried in an oven
at 65 °C, and ground into powder to determine the As concentration in the symplast.
The other portion of the roots (0.5 g) was ground into homogenate using a pre-cooled mortar and pestle in 15 mL
of Tris-maleate solution (0.25 mmol/L sucrose, 1.00 mmol/L
MgCl2 , 10.00 mmol/L cysteine, and 50.00 mmol/L Tris-maleate;
pH of 7.8) at 4 °C (Feng et al., 2011). The homogenate was then
transferred into a 50 mL centrifuge tube and centrifuged at
2200 g for 30 s at 25 °C. The precipitate in the centrifuge tube
was collected as the cell wall fraction, and the supernatant
was transferred into another 50 mL centrifuge tube and centrifuged at 20,000 g for 45 min at 4 °C. After the second round of
centrifugation, the supernatant and precipitate were collected
as the vacuole and organelle fractions, respectively (Feng et al.,
2011). All the fractions were digested with a mixture of HNO3
and HClO4 before determination of the As concentration.

1.4.

Determination of As and Si

For As determination, 0.2 g dried samples were soaked in
10 mL of HNO3 and HClO4 (87:13, v:v) overnight and digested
on a graphite digestion apparatus (proD48, Changsha Zerom
Instrument and Meter Co., Ltd., China) at 120 °C until a clear
solution was obtained. The digested solution was diluted with
1% HNO3 to 50 mL and filtered with a 0.45 μm filter. Approximately 5 mL of sample solution was added to a 5 mL reducing agent solution [5% HCl (v/v), 1% thiourea (w/w), and 1%
ascorbic acid (w/w)]. After 0.5 h, the As concentration in the solution was determined by a hydrogen generation-atomic fluorescence spectrometer (AFS-933, Beijing Titan Instruments
Co., Ltd., China). Certified reference material (GBW10020; citrus leaf flour samples) and sample blanks were used for quality control, and the As recovery from the reference material
was 112% ± 21% (n = 18).
For Si determination, 0.1 g dried samples were mixed well
with 3 mL of 50% NaOH in a 50 mL polyethylene tube. The
mixed samples were digested in a high-temperature sterilizing oven for 40 min at 120 °C. The digested solution was diluted with ultrapure water to 50 mL in a plastic volumetric
flask at 25 °C (Dai et al., 2005). Si was determined by an inductively coupled plasma optical emission spectrometer (Optima
2100dv, PerkinElmer LAS Inc., USA). Certified reference material (GBW10023; laver) and sample blanks were used for quality control, and the Si recovery from the reference material
was 93% ± 2.6% (n = 6).
The root-to-shoot As translocation was presented as the
translocation factor (TFAs ), which was calculated as follows:
TFAs = Cshoot /Croot

(1)

The shoot-to-root Si translocation was presented as TFSi ,
which was calculated as follows:
TFSi = Croot /Cshoot

(2)

where Croot and Cshoot are the As/Si concentrations in the rice
roots and shoots (As: mg/kg; Si: g/kg), respectively.

1.5.

Gene expression quantification

Total RNA from the samples was extracted using TRIzol
reagent (Invitrogen Corp., USA) and then converted to cDNA
using a PrimeScriptTM RT reagent kit with a gDNA eraser
(Takara Bio. Inc., Japan). Real-time quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) analysis was
performed using a CFX-384 Real-Time System (CFX384 Touch,
Bio-Rad Laboratories Inc., USA) with 2 × SYBR Green Supermix
(Bio-Rad Laboratories Inc., USA). The OsLsi1, OsLsi2, OsABCC1,
and Actin (internal control) cDNAs were amplified with the
following primers: OsLsi1, 5‘-CGGTGGATGTGATCGGAACCA3‘ (forward), and 5‘-CGTCGAACTTGTTGCTCGCCA-3‘ (reverse); OsLsi2, 5‘-ATCTGGGACTTCATGGCCC-3‘ (forward),
and 5‘-ACGTTTGATGCGAGGTTGG-3‘ (reverse); OsABCC1,
5‘-AACAGTGGCTTATGTTCCTCAAG-3‘ (forward), and 5‘AACTCCTCTTTCTCCAATCTCTG-3‘ (reverse); and Actin,
5‘-GACTCTGGTGATGGTGTCAGC-3‘
(forward),
and
5‘GGCTGGAAGAGGACCTCAGG-3‘ (reverse), respectively. The
reaction mixture of real-time qRT-PCR was prepared and then
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Fig. 1 – Arsenic concentrations in the shoots (a and d) and roots (b and e) and the translocation factor (TFAs ) (c and f) with
and without foliar Si application under 2 μmol/L (2As) and 8 μmol/L (8As) arsenite stress. Columns labeled by different
letters indicate that the As concentrations are significantly different at the P < 0.05 level among the samples in each figure.
Points labeled by ∗ indicate that the translocation factors are significantly different at the P < 0.05 level between the
treatments with and without Si application at each time point.

performed using a previously reported method (Pan et al.,
2020). Relative expression of the target genes was presented
based on the Actin in the control according to the 2−Ct
method (Livak and Schmittgen, 2001).

1.6.

Statistical analysis

Statistical analyses were performed using SPSS 19.0 (SPSS Inc.,
USA). All the data were subjected to one-way ANOVA combined with Tukey’s multiple comparisons test (P ≤ 0.05). The
graphs were plotted using Origin 8.0 (OriginLab, USA).

2.

Results

2.1.

As concentration in roots and shoots

Under 2 μmol/L and 8 μmol/L arsenite stress, both the As concentrations and As contents in the roots and shoots increased
over time during the incubation period (Fig. 1 and Appendix A

Fig. S1). At the end of incubation (day 7), the As concentrations
in the roots (124.0–184.0 mg/kg) were higher than those in the
shoots (63.4–76.4 mg/kg). In the 2As+Si treatment, the As concentration in the shoots was significantly decreased by 58.3%
and 42.2% on day 1 and day 7, respectively, compared with that
in the 2As treatment (P < 0.05) (Fig. 1a and b). The As concentration in the roots was also reduced by 10.80% and 9.34% on
day 4 and day 7 in the 2As+Si treatment, respectively (P > 0.05)
(Fig. 1b). In the 2As treatment, the TFAs value was the highest
at 2.31 on day 1 and then decreased to approximately 0.37–0.51
during days 4–7 (Fig. 1c). The TFAs values in the 2As+Si treatment were in the range of approximately 0.28–0.33 during the
incubation period, all of which were lower than those in the
2As treatment. These results indicated that foliar Si application not only reduced As uptake by rice, but also restricted As
root-to-shoot translocation under low arsenite stress.
When the rice roots were exposed to a high level of arsenite, the As concentrations in the roots of the 8As+Si treatment
were significantly increased by approximately 30.2%–120.0%
during the incubation period (P < 0.05) compared with those
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Fig. 2 – Si concentrations in the shoots (a, c, and e) and roots (b, d, and f) with and without foliar Si application under 0
μmol/L (CK), 2 μmol/L (2As), and 8 μmol/L (8As) arsenite stress. Columns labeled by different letters indicate that the Si
concentrations are significantly different at the P < 0.05 level among the samples in each figure.

in the 8As treatment (Fig. 1e). The 8As+Si treatment showed
lower As concentrations in the shoots during days 1–4 (P >
0.05) and a significantly higher concentration on day 7 (P <
0.05) compared with those in the 8As treatment (Fig. 1d). In
the 8As treatment, the TFAs value was the highest at 3.11 on
day 1, and then decreased to 0.73 and 0.42 on day 4 and day
7, respectively (Fig. 1f). The TFAs values in the 8As+Si treatment gradually decreased from 1.04 to 0.27 over time, all of
which were lower than those in the 8As treatment. It is suggested that foliar Si application could not reduce As uptake by
rice, but mainly restricted As root-to-shoot translocation under high arsenite stress.

2.2.

Si concentrations in the roots and shoots

The Si concentrations in the shoots and roots were constant at approximately 0.35–0.40 g/kg and approximately 0.35–
0.39 g/kg, respectively, in the control during the incubation period (Fig. 2a and b). In the CK+Si treatment, the Si concentrations in both the shoots and roots were significantly increased
by approximately 1.75–3.00 fold during days 4–7 compared
with those in the control (P < 0.05). These results suggest that
the foliar-applied nanoscale silica sol could be absorbed by
rice and distributed in the shoots and roots. The 2As and 8As
treatments showed similar Si concentrations in the shoots
and roots to those in the control, which were also significantly
increased by approximately 1.38–3.74 fold in the 2As+Si and
8As+Si treatments during days 4–7 (P < 0.05) (Fig. 2c–f). The
Si concentrations in the roots of the 2As+Si and 8As+Si treatments significantly increased to 2.18 g/kg and 1.79 g/kg on day
7, respectively. The shoot-to-root translocation factors of Si
(TFSi ) in all the treatments were within the range of 0.87–1.71
during days 4–7, except for a significant increase in TFSi that
was observed in the 2As+Si treatment on day 7 (Appendix A

Fig. S2). It is suggested that more Si was accumulated in the
roots after 7 days of foliar Si application.

2.3.

OsLsi1, OsLsi2, and OsABCC1 expression in roots

The relative expressions of OsLsi1, OsLsi2, and OsABCC1 in the
roots linearly decreased from 1.08–1.20 to 0.13–0.28 during incubation in the CK+Si treatment after being normalized to
those in the control (Fig. 3a–c). Thus, foliar Si application could
down-regulate OsLsi1, OsLsi2, and OsABCC1 expression in roots
without any arsenite stress. Compared with those in the control, the relative expressions of OsLsi1 and OsLsi2 in the 2As
treatment did not significantly change during days 1–4, but
decreased to 0.17 and 0.04 on day 7, respectively. In the 8As
treatment, the relative expressions of OsLsi1 and OsLsi2 were
0.03–0.80 during days 1–7, which were significantly lower than
those in the control (P < 0.05). These results suggest that the
relative expressions of OsLsi1 and OsLsi2 were mainly inhibited after 7 days of exposure to the low arsenite level, while
they were inhibited when exposed to the high arsenite level.
In the 2As and 8As treatments, the relative expression of OsABCC1 increased to 2.68–3.06 and 1.91–2.93 during days 1–4
and then decreased to 0.76 and 0.33 on day 7, respectively
(Fig. 3f and i). It is suggested that both low and high arsenite stress could up-regulate OsABCC1 expression in the roots
initially, and then down-regulate OsABCC1 expression after 7
days of exposure.
During days 1–4, the relative expressions of OsLsi1 and
OsLsi2 in the 2As+Si treatment (0.11–0.58) were significantly
lower than those in the 2As treatment, while those in the
8As+Si treatment (1.17–1.89) were significantly higher than
those in the 8As treatment (P < 0.05) (Fig. 3d, e, g, and h). On day
7, the relative expressions of OsLsi1 and OsLsi2 decreased substantially to 0.11–0.16 in the 2As+Si and 8As+Si treatments.
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Fig. 3 – Relative expressions of the arsenite-related genes OsLsi1 (a, d, and g), OsLsi2 (b, e, and h), and OsABCC1 (c, f, and i) in
rice roots under 0 μmol/L (CK), 2 μmol/L (2As), and 8 μmol/L (8As) arsenite stress. Points labeled by ∗ indicate that the OsLsi1,
OsLsi2, and OsABCC1 expressions are significantly different at the P < 0.05 level between the treatments with and without Si
application at each time point.

These results suggest that foliar Si application could downregulate the expressions of OsLsi1 and OsLsi2 in roots under
low arsenite stress, but up-regulate their expressions under
high arsenite stress. In the 2As+Si treatment, the relative expression of OsABCC1 gradually increased from 0.90 to 2.53 during the incubation period, which was lower than that in the
2As treatment during days 1–4 but significantly higher than
that on day 7 (P < 0.05), respectively (Fig. 3f). In the 8As+Si
treatment, the relative expression of OsABCC1 was 1.67–11.40
during incubation, which was significantly higher than that in
the 8As treatment (P < 0.05) (Fig. 3i). These results indicate that
foliar Si application could significantly up-regulate OsABCC1
expression in roots under low and high arsenite stress.

2.4.
As concentrations in subcellular components
of roots
The As concentrations in the apoplasts of roots were 3.01–
4.40 mg/kg and 10.70–13.90 mg/kg under low and high arsenite stress, respectively. Neither concentration showed a significant difference between the treatments with and without
Si application, except for that on day 4 in the 8As+Si treatment (Fig. 4a and c). The As concentrations in the symplasts

gradually increased over time in the 2As and 2As+Si treatments, while they substantially increased from day 1 to day
4 and then decreased on day 7 in the 8As and 8As+Si treatments (Fig. 4b and d). The 2As+Si and 8As+Si treatments
showed significantly higher As concentrations in the symplasts on day 1 but significantly lower concentrations on day
4 than those in the 2As and 8As treatments (P < 0.05). At
the end of incubation, the As concentrations in the symplasts
in the 2As+Si (93.3 mg/kg) and 8As+Si (467.0 mg/kg) treatments were lower than those in the 2As (109.0 mg/kg) and
8As (558.0 mg/kg) treatments, respectively. It is suggested that
the majority of As in the roots was accumulated in the symplasts, and foliar Si application could alleviate As accumulation in the symplasts of roots under both levels of arsenite
stress.
Generally, the As concentrations in the vacuoles, cell walls,
and organelles increased over time during the incubation
period under both levels of arsenite stress (Fig. 5). At the
end of incubation, the As concentrations in the cell walls,
vacuoles, and organelles were 1.25 mg/kg, 15.40 mg/kg, and
0.24 mg/kg in the 2As treatment and 5.92 mg/kg, 68.60 mg/kg,
and 1.39 mg/kg in the 8As treatment, respectively. The 2As+Si
treatment showed slightly higher As concentrations in these
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Fig. 4 – Arsenic concentrations in the apoplasts (a and c) and symplasts (b and d) of rice roots with and without foliar Si
application under 2 μmol/L (2As) and 8 μmol/L (8As) arsenite stress. Columns labeled by different letters indicate that the As
concentrations are significantly different at the P < 0.05 level among the samples in each figure.

components compared with those in the 2As treatment
(P > 0.05). Under high arsenite stress, the As concentrations in
the vacuoles remained constant during days 4–7 and showed
no significant difference between the 8As and 8As+Si treatments (Fig. 5d). The 8As+Si treatment had higher As concentrations in the cell walls, but lower As concentrations in the
organelles than those in the 8As treatment during incubation.
It is demonstrated that the majority of As in the symplasts of
root cells was accumulated in the vacuoles, and foliar Si application showed different effects on As accumulation in vacuoles and organelles.

3.

Discussion

3.1.

Effects of low and high As stress without Si supply

In the present study, the majority of the As absorbed by rice
was accumulated in the roots after 7 days of exposure to
both levels of arsenite stress (Fig. 1), which was similar to
the results of previous studies (Pan et al., 2020; Zheng et al.,
2011). Arsenite is inadvertently absorbed into the root cells
via the silicic acid transporter OsLsi1 and then transferred to
the apoplasts via OsLsi2 for upward transport to the shoots
(Ma et al., 2006, 2008). When no Si was supplied, the 2 μmol/L
arsenite stress did not initially alter the expressions of OsLsi1
and OsLsi2 in the roots (Fig. 3d and e) when compared with
those in the control (Fig. 3a–c). The significant decrease in As
root-to-shoot translocation during days 4–7 was mainly associated with the increase in As accumulation in the vacuoles
of the roots (Fig. 5a), which was likely due to the up-regulation
of OsABCC1 expression in the roots (Fig. 3f). When arsenite is

absorbed into the root cells, vacuolar sequestration of As mediated by the OsABCC1 transporter can limit the mobility of
arsenite and control the transfer of arsenite to other organs
in plants (Song et al., 2014).
The 8 μmol/L arsenite stress induced the inhibition of
OsLsi1 and OsLsi2 expression and promotion of OsABCC1 expression in the roots (Fig. 3g–i), compared with those in the
control (Fig. 3a–c). The inhibition of OsLsi1 and OsLsi2 expression might lead to less As uptake into the root cells and less
As transport from the root cells to the apoplasts, thereby leaving more accumulated As in the root cells (Moore et al., 2011).
Owing to the up-regulation of OsABCC1 expression, more As
was accumulated in the vacuoles, thereby resulting in the significant decrease in As root-to-shoot translocation (Figs. 5d
and 1f). However, the As accumulation in the vacuoles and organelles appeared to be saturated during days 4–7 (Fig. 5d and
f), and the As accumulation in the cell walls and apoplasts increased from day 4 to day 7 (Figs. 5e and 4c). This was related
to the suppression of OsABCC1 expression at the end of incubation (Fig. 3i). Under both levels of arsenite stress, the significant down-regulation of OsLsi1 and OsLsi2 expression at the
end of the incubation period was likely a self-protection measure from the toxic arsenite (Chen et al., 2012).

3.2.

Effect of Si under no As stress

The difference in Si accumulation between the CK and CK+Si
treatments confirmed that foliar application of nanoscale silica sol could simultaneously increase Si accumulation in rice
shoots and roots (Fig. 2a and b). Previous studies found that
nanoparticles can be deposited on the rice leaf surface and
penetrate through the leaf cuticle or stoma on the leaf surface,
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Fig. 5 – Arsenic concentrations in the vacuoles (a and d), cell walls (b and e), and organelles (c and f) of rice roots with and
without foliar Si application under 2 μmol/L (2As) and 8 μmol/L (8As) arsenite stress. Columns labeled by different letters
indicate that the As concentrations are significantly different at the P < 0.05 level among the samples in each figure.

and can then be transported within plants via the xylem and
phloem (Eichert et al., 2008; Notaguchi and Okamoto, 2015;
Su et al., 2019). Because rice requires high Si for growth
(Ma and Yamaji, 2006), the foliar supply of Si would be beneficial to the rice yield (Liu et al., 2014), particularly when no
Si was supplied from the nutrient solution in this study.
When Si is absorbed by the roots via OsLsi1 and OsLsi2, it
is normally transported to the shoots via the xylem, in which
the OsLsi6 transporter is responsible for the transfer of Si from
the xylem of enlarged vascular bundles to the xylem of diffuse
vascular bundles (Yamaji and Ma, 2014). When Si is absorbed
by the leaves, Si is supposed to be mainly transported from
the shoots to the roots via the phloem because the xylem is involved in upward transport and the phloem is involved in bidirectional transport (Rengel, 2001). A previous study reported
that Si accumulation in rice shoots is negatively correlated
with OsLsi1 and OsLsi2 expression in roots (Mitani-Ueno et al.,
2016). In this study, the Si accumulation in the shoots also
had a significantly negative correlation with the relative expressions of OsLsi1 (r = −0.816) and OsLsi2 (r = −0.819) in the
roots in the CK and CK+Si treatments (P < 0.01) (Appendix A
Fig. S3). Given that foliar Si application could supply sufficient

Si for rice, it was reasonable to find that the expressions of
OsLsi1 and OsLsi2 were down-regulated as a result (Fig. 3a and
b). In addition, the relative expression of the OsLsi6 gene in the
shoots was also down-regulated in the CK+Si treatment (Appendix A Fig. S4a), which could limit Si root-to-shoot transport via the xylem, thereby contributing to lower Si accumulation in the shoots and higher Si accumulation in the roots
(Fig. 2a and b). Similar down-regulation of OsLsi1 and OsLsi2
in the roots and OsLsi6 in the shoots were also observed in
rice seedlings after foliar spraying of sodium silicate for 2 days
(Zhang et al., 2020).

3.3.

Effect of Si under low arsenite stress

Under 2 μmol/L arsenite stress, foliar Si application significantly reduced As uptake by rice (Fig. 1a and b), which was
associated with the substantial down-regulation of OsLsi1 expression (Fig. 3d) because the entry of arsenite into rice roots
is mediated by the OsLsi1 localized at the distal sides of the
exodermis and endodermis (Ma et al., 2008). During the radial
transport of arsenite in roots, OsLsi2 localized at the proximal sides of the exodermis and endodermis transports ar-
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senite to the apoplasts, which favors root-to-shoot transport
via the xylem (Yamaji and Ma, 2014). In this study, the downregulation of OsLsi2 expression (Fig. 3e) could lead to more arsenite accumulation in the exodermal and endodermal cells.
In addition, previous studies demonstrated that Si can promote Casparian band formation in the roots, in which Si is
predominantly deposited in the cell walls of the exodermis
and endodermis (Fleck et al., 2015; Moore et al., 2011). Therefore, the significantly higher Si accumulation in the roots
(Fig. 2d) likely formed a stronger physical barrier to reduce the
apoplastic transport in the roots (Krishnamurthy et al., 2011),
thereby leading to slightly higher As accumulation in the root
apoplasts (Fig. 4a). Nevertheless, the majority of As was preferentially sequestered in the vacuoles of the root symplasts
(Fig. 5a), which was associated with the up-regulation of OsABCC1 expression (Fig. 3f). As a result, the TFAs values with
foliar Si application remained lower than those without Si application under low arsenite stress (Fig. 1c).

binding of As with the pectin of cell walls owing to electrostatic adsorption (Cui et al., 2020).
In a previous study, As concentrations in the shoots and
roots were increased by foliar spraying of sodium silicate
when rice seedlings were exposed to a nutrient solution with
5 μmol/L As (Zhang et al., 2020), which suggested that foliar
Si application is also effective under such As stress. When
rice seedlings were exposed to a nutrient solution with 50
μmol/L or 100 μmol/L As, foliar Si application also significantly
decreased the As concentrations in the roots and shoots
(Liu et al., 2014), which is different from the findings in this
study. In this previous study, the leaves were pre-sprayed with
nanoscale silica sol 3 days before exposure to As, and thus the
rice likely accumulated sufficient Si before it confronted the
toxic As. In our study, the rice was simultaneously exposed
to As and foliar Si application, which provides a better understanding of the performance of foliar Si application when rice
is under arsenite stress.

3.4.

3.5.

Effect of Si under high arsenite stress

Under 8 μmol/L arsenite stress, the TFAs values with foliar Si
application were also lower than those without Si application
(Fig. 1f). However, the relative expressions of OsLsi1, OsLsi2, and
OsABCC1 genes were significantly up-regulated by foliar Si application during days 1–4 (Fig. 3g–i). The promoted OsLsi1 expression could drive more arsenite uptake by rice (Fig. 1d and
e), and the promoted OsLsi2 expression could release more arsenite to the apoplasts (Fig. 4c). Although the expression of
OsABCC1 was significantly promoted by foliar Si application,
the root vacuoles could not sequester more arsenite after day
4, thereby resulting in a similar As concentration in the vacuoles between day 4 and day 7 regardless of foliar Si application (Fig. 5d). It is likely that the root vacuoles had a threshold
of As sequestration of 68.8–71.7 mg/kg in the cultivar in this
study under high arsenite stress. Therefore, the excess As absorbed by rice was accumulated in the cell walls of the roots
(Fig. 5e) and the As in the apoplasts was readily transported to
the shoots (Fig. 1d). This can be supported by the significantly
positive correlation of As concentrations between the shoots
and the apoplasts in roots (P < 0.05, Appendix A Table S1).
When Si is deposited in the cell walls, it strengthens the cell
walls by binding with hemicellulose and aliphatic polyols via
Si-O-C bonds and provides mechanical support for monocots
(Fauteux et al., 2005; He et al., 2013; Guerriero et al., 2016). More
than 50% of As was combined on the root cell walls of rice
seedlings grown in a hydroponic experiment with 50 μmol/L
arsenate, in which As and Si were supposed to co-bind to the
aliphatic polyols in the cell walls (Liu et al., 2014). Arsenite can
bind with many functional groups in the cell walls of bacteria,
such as the C–N group, hydroxyl group, and alkanes, which are
widely present in the cell wall components of plants including cellulose, hemicellulose, and pectin (Vishnoi et al., 2016;
Keegstra, 2010). Recently, silica nanoparticles were found to
increase the ratio of As in the pectin of cell walls in rice suspension cells (Cui et al., 2020). Therefore, the increased accumulation of Si in roots not only improved the mechanical
force of the cell walls and triggered the transcription of genes
related to antioxidant defense systems (Brunings et al., 2009;
Fleck et al., 2011; Rodrigues et al., 2005), but also enhanced the

Environmental implications

Because of the severe desilicification and allitization of paddy
soil in Southeast Asia, the plant-available Si content in paddy
soils is relatively low (Yu et al., 2016). Given that Si is necessary
for high and sustainable rice production (Klotzbucher et al.,
2015), the supply of foliar Si to rice grown in As-contaminated
paddy soils is an alternative and promising method to improve rice growth and decrease As transfer to the rice shoots,
which will eventually ensure the safety of the rice grains and
human health (Zhang et al., 2020). Nanotechnology, such as
nanoscale silica sol, has recently played an increasingly important role in agriculture based on its market trends and research progress (Rodrigues et al., 2017). Owing to their small
size and greater surface area-to-weight ratio, nanoparticles
exhibit better physical and chemical properties than bulk materials (O’Farrell et al., 2006).
Our results suggest that foliar Si application is effective
in reducing As accumulation in rice under low As stress, but
showed limitation under high As stress due to saturation of
As sequestration in the vacuoles. The vacuoles of root cells
may act as checkpoints for As distribution within the roots
and root-to-shoot translocation (Ricachenevsky et al., 2018),
and the cell walls of roots also play an important role in As
segregation in rice under high As stress. This should be considered carefully with foliar application of nanoscale silica sol
on rice under high As stress, and the range of the As concentration released into the pore water from As-contaminated
paddy soil needs to be monitored before foliar Si application in
the field. The performance of foliar Si application may vary according to the rice cultivar as well. The penetration pathways
through the leaves and long-distance transport processes of
foliar nanoscale Si in rice plants deserve further investigation.

4.

Conclusions

In summary, foliar application of nanoscale silica sol is an effective method for decreasing As uptake and root-to-shoot
As translocation in rice by down-regulation of OsLsi1 and
OsLsi2 expression and up-regulation of OsABCC1 expression
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under low arsenite stress. Under high arsenite stress, foliar
Si application promoted As uptake by rice owing to the upregulation of OsLsi1 expression, but still reduced As root-toshoot translocation owing to the higher Si and As accumulation in the roots. The vacuoles of the roots failed to sequester
more As when rice was grown under high arsenite stress even
with foliar Si application, and more As was accumulated in the
cell walls of the roots. Therefore, the effects of foliar Si application on alleviating As accumulation in rice strongly depend
on the level of arsenite stress.
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