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Abstract Nano-silicon (Si) may be more effective than regu-
lar fertilizers in protecting plants from cadmium (Cd) stress. A
field experiment was conducted to study the effects of nano-Si
on Cd accumulation in grains and other organs of rice plants
(Oryza sativa L. cv. Xiangzaoxian 45) grown in Cd-
contaminated farmland. Foliar application with 5~25 mM
nano-Si at anthesis stage reduced Cd concentrations in grains
and rachises at maturity stage by 31.6~64.9 and 36.1~60.8%,
respectively. Meanwhile, nano-Si application significantly in-
creased concentrations of potassium (K), magnesium (Mg),
and iron (Fe) in grains and rachises, but imposed little effect
on concentrations of calcium (Ca), zinc (Zn), and manganese
(Mn) in them. Uppermost nodes under panicles displayed
much higher Cd concentration (4.50~5.53mg kg−1) than other

aerial organs. After foliar application with nano-Si, transloca-
tion factors (TFs) of Cd ions from the uppermost nodes to
rachises significantly declined, but TFs of K,Mg, and Fe from
the uppermost nodes to rachises increased significantly. High
dose of nano-Si (25 mM) was more effective than low dose of
nano-Si in reducing TFs of Cd from roots to the uppermost
nodes and from the uppermost nodes to rachises. These find-
ings indicate that nano-Si supply reduces Cd accumulation in
grains by inhibiting translocation of Cd and, meanwhile, pro-
moting translocation of K, Mg, and Fe from the uppermost
nodes to rachises in rice plants.
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Introduction

The occurrence of high levels of heavy metals in the environ-
ment is a potential threat to human health and ecosystems
(Goix et al. 2014; Leveque et al. 2014; Uzu et al. 2011).
Cadmium (Cd) is one of the most toxic heavy metals
(ATSDR 2011). Cd ion tends to accumulate in rice plants even
at a relatively low content in soil (Cao et al. 2014; Wei and
Yang 2010; Liu et al. 2017). Most of Cd ions in rice grains are
remobilized from vegetative organs during grain-filling period
via the phloem and xylem in rice plants (Kobayashi et al.
2013; Tanaka et al. 2007; Uraguchi et al. 2009). Cd ions are
translocated from roots to the upper nodes of shoots and final-
ly into rachises of rice panicles (Fujimaki et al. 2010). A lot of
Cd and other elements are enriched in rachises of rice panicles,
and low-Cd-accumulation cultivars generally display lower
Cd content in rachises and grains than those of high-Cd-
accumulation cultivars (Liu et al. 2017). When low-affinity
cation transporter (OsLCT1) in the uppermost nodes and leaf
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blades of rice plants was knockdown, the knockdown plants
accumulated much lower Cd in the grains than the control
plants (Uraguchi et al. 2011). Therefore, intervascular Cd
transfer at the uppermost node appears to be critical for grain
Cd accumulation. Improving the inhibition capacity of the
uppermost node to Cd ions based on agronomic management
practices and genetic manipulation is the most promising ap-
proach to produce rice grains with permissible Cd content in
contaminated farmland.

Silicon (Si) is the second most abundant element in soils and
many plants are able to accumulate high concentration of Si in
shoots. High silica contents in plant tissues activate physical and
biochemical defense mechanisms for increased stress tolerance
(Adrees et al. 2015; Wang et al. 2015). Cd toxicity in rice plants
could be alleviated by the presence of Si in the cell walls and in
the readjustment of cell redox homeostasis (Dehghanipoodeh
et al. 2016; Farooq et al. 2016; Liu et al. 2009; Sharma and
Dietz 2009; Tripathi et al. 2012). A hemicellulose-bound form
of Si with net negative charges was suggested to be responsible
for inhibition of Cd uptake in rice cells (Ma et al. 2015). In
addition to absorption of Si from soil solution around root sys-
tem, rice plants are able to take in Si by leaves. Adsorption and
internalization of nutrients via the cuticle of plant leaves and
penetration of nutrients via stomatal pores in leaves are the two
major steps involved in foliar nutrient uptake (Shahid et al.
2017). Moreover, surface treatments such as Si can modify the
photosynthetic characteristics of plants (Dehghanipoodeh et al.
2016; Maghsoudi et al. 2016).

Nanotechnology in agriculture and food production is ex-
tensively studied in recent years. Nanofertilizers may be
absorbed by plants rapidly and completely (Deshpande et al.
2017; Mousavi and Rezaei 2011). Foliar application with
nano-Si significantly decreased Cd accumulation in grains
and shoots in rice plants under Cd stress (Liu et al. 2009;
Wang et al. 2015). Si addition improved plant nutrition, en-
hanced nutrition use efficiency, but inhibited Cd transport
from roots to shoots (Liu et al. 2013; Li et al. 2013; Wang
et al. 2015). Coprecipitation of Cd with Si in metabolically
less active tissues, especially in the endodermis cell wall, peri-
cycle, xylem, and phloem, is likely to block the uptake and
transport of Cd (Adrees et al. 2015; da Cunha and do
Nascimento 2009; Shi et al. 2005). In addition, Si increases
the binding of Cd to cell wall and compartmentation of more
Cd into vacuoles (Rogalla and Romheld 2002; Shi et al.
2005), which also limits Cd mobility in plant tissues.

Although many studies showed that Si reduced the uptake
and accumulation of Cd in the shoots of rice, the efficiency of
foliar application with nano-Si to inhibit Cd accumulation in
grains of rice plants under field environment was unclear. In
the present study, solutions with different dosage of nano-Si
were prepared and sprayed onto the leaves of rice plants
grown in Cd-contaminated field. Concentrations of Cd and
six other elements in grains, rachises, and other vegetative

organs were determined. Possible mechanism of nano-Si to
reduce Cd accumulation in grains was analyzed.

Materials and methods

Plant materials and experiment design

The field trials were carried out in northeastern part of Hunan
province, China (N: 28° 42′, E: 112° 51′). A paddy rice field with
average Cd concentration of 0.79mg kg−1 in winter of 2015 was
selected to represent medium Cd-contaminated alluvial soils
along Xiangjiang River. The fundamental chemical properties
of the topsoil (0~20 cm) at the maturity stage of rice plants in
middle July 2016, were pH 5.51, organic matter content
41.54 g kg−1, cation exchange capacity 19.55 cmol kg−1, and
Cd content 0.69 g kg−1 (Table 1). The seeds of rice (Oryza sativa
L. cv. Xiangzaoxian 45) were provided by Xiangyin Seed
Company, Hunan. Seeds were planted in March and seedlings
were transplanted in late April. A randomized block design with
three replications was constructed in the field. The plot area was
10.0 m2 with 4.0-m length and 2.5-m width. Field managements
were as same as those used in local production. Weeds were
controlled by chemical herbicide treatment.

In the middle of June 2016 when most tillers of rice plants
were flowering, 40 mL nano-Si solution with 250, 500, and
1250 mM Si was diluted with 2 L water in the field. Three
kinds of nano-Si solutions with 5, 10, or 25 mM Si were
individually spread on the leaf surface of rice plants in each
plot with a hand-held sprayer bottle. The control plants were
sprayed with 2 L water from a local well. At maturity stage,
three plants with roots and topsoil (0–20 cm) were dug out by
a shovel from the center of each plot. After naturally dried at

Table 1 Basic properties of topsoils at the beginning of the experiment
in January and at maturity stage of rice plants in July 2016

Properties Values before
planting

Values at maturity
stage

pH 5.83 5.51

Organic matter content (g kg−1) 12.82 41.54

Cation exchange capacity
(cmol kg−1)

22.40 19.55

K (g kg−1) 10.46 7.58

Mg (g kg−1) 32.10 29.48

Ca (g kg−1) 21.54 19.05

Fe (g kg−1) 37.96 34.26

Mn (mg kg−1) 296.61 357.58

Zn (mg kg−1) 124.13 175.96

Cd (mg kg−1) 0.89 0.69

Data presented are the means of 12 replicates from 3 samples in 4 treat-
ments at the paddy rice field
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ambient temperature, topsoil was separated with roots manu-
ally. Then, harvested plants were separated into grains; rachis-
es; flag leaves including sheathes, uppermost nodes (first
nodes), and internodes (first internodes); second leaves, sec-
ond nodes, and internodes; lower part of stalks; and roots.
These tissues were washed with deionized water three times
and then dried for 72 h at 70 °C.

Preparation of nano-silicon

Nano-Si was prepared using Na2SiO3 according to the pub-
lished methods (Liu et al. 2009; Wang et al. 2015) with slight
modification. Briefly, 35.53 g Na2SiO3·9H2O was dissolved
in 475 mL distilled water, then 10 mL ethanol was added and
stirred for 0.5 h after mixing. A mixed solution of 10 mL
ethanol and 5 mL Tween 80 was slowly dropped into the
abovementioned solution and then stirred for 2 h to obtain
250 mM Si. Nano-Si solutions with 500 or 1250 mM Si were
prepared according to the same method. The average diameter
of the nano-Si was in the range of 60~100 nm, which was
determined by a Nano-Laser Particle Sizer (Winner 800,
Jinan, China). All the solutions were freshly prepared at room
temperature.

Measurement of Cd, K, Ca, Mg, Zn, Fe, and Mn
concentrations

Soil and plant samples were prepared according to methods
described as before (Liu et al. 2017). Each soil sample was
ground and filtered by a sieve with 100 meshes. About 0.20 g
soil was weighed and put into a Teflon beaker and then
digested by concentrated HNO3, hydrofluoric acid, and 30%
H2O2 (v:v:v was 7:2:1) using a digestion instrument DigiBloc
ED54 (LabTech, Beijing, China). Plant samples were cut into
small pieces. About 0.50 g plant tissues were digested by
concentrated HNO3 and 30% H2O2 (v:v was 7:1).
Concentrations of Cd, K, Ca, Mg, Fe, Zn, and Mn in the
different soil and plant samples were determined by using
inductively coupled plasma mass spectrometry (ICP-MS,
Agilent 7500a, USA).

Statistical analysis

One-way ANOVA with multiple comparisons by Duncan’s
test (P < 0.05) was employed to evaluate differences among
treatments. Translocation factor (TF) was calculated from the
ratio of elemental concentrations in different parts of the plant
(Shi et al. 2015). Two-way ANOVAwas used to analyze the
significance of correlation coefficient between Cd concentra-
tions in different organs at P < 0.05 or 0.01.

Results

Effects of nano-Si on Cd concentrations in different
organs of rice plants

There were great differences in Cd concentrations among dif-
ferent organs of rice plants. The highest Cd concentration was
found in roots, which was about 7.0 mg kg−1. Among aerial
organs of above ground, the uppermost nodes displayed
highest Cd concentration (4.5~5.5 mg kg−1). Cd concentration
in grains was much lower than that in rachises, and Cd in
internodes was generally lower than that in nodes (Fig. 1).
Foliar application with 5.0~25.0 mM nano-Si efficiently re-
duced Cd concentrations in grains and rachises by 31.6~64.9
and 36.1~60.8%, respectively. Inhibition efficiency of nano-Si
with 25.0 mM on Cd accumulation in grains was significantly
greater than that of nano-Si with 5.0~10 mM (Fig. 1a). High
concentration of nano-Si even inhibited Cd accumulation in
flag leaves. After foliar application with 25.0 mM nano-Si, Cd
concentrations in flag leaves, uppermost internodes, and
nodes were significantly decreased by 27.4, 20.3, and
18.6%, respectively (Fig.1b). However, Cd concentrations in
roots, lower part of stalks, second leaves, and nodes were not
influenced by nano-Si application.

Effects of nano-Si on concentrations of essential elements
in grains and rachises

Concentrations of some essential nutrients (K, Mg, Ca, Mn, Fe,
Zn) in grains and rachises of rice plants were measured in this
experiment. Results showed that application of the nano-Si had
significant influence on macro-elements but little effect on
micro-elements in grains and rachises. Potassium was the most
abundant cation in rachises and grains of rice plants (Table 2).
Concentration of K+ in rachises was in the range of
14.16~24.50 g kg−1. Only a small portion of K+was transported
into grains. Magnesium was the second abundant cation in
rachises and grains. Rice plants accumulated greatly higher
concentration of Mg2+ in grains (1.14~1.57 g kg−1) than that
in rachises (0.66~1.45 g kg−1). Concentrations of Ca2+, Mn2+,
Fe2+, and Zn2+ were in the range of 25.35~88.61 mg kg−1 in
rice grains, which were much lower than the concentrations of
K+ andMg2+. Concentrations of Ca2+, Mn2+, Fe2+, and Zn2+ in
grains were greatly lower than that in rachises. Foliar applica-
tion with 5~25 mM nano-Si caused a significant increase of K+

concentration in grains by 13.24~32.72% and in rachises by
24.93~73.02%. Concentrations of Mg2+ were also increased
by 8.06~26.61% in grains and by 18.18~119.70% in rachises.
Among the micro-elements, only Fe2+ concentrations were in-
creased by 14.24~50.77% in grains and by 7.31~56.41% in
rachises after foliar application with 5~25 mM nano-Si. Foliar
nano-Si supply imposed very little effects on the accumulation
of Ca2+, Mn2+, and Zn2+ in rice grains and rachis.
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Effects of nano-Si on the distribution of elements in rice
plants

Distribution of K, Mg, Fe, and Cd in organs was apparently
different and influenced by foliar application with nano-Si
(Fig. 2). When rice plants were grown in Cd-contaminated
field, Cd ions were greatly enriched in roots. Among aerial
organs, nodes accumulated much higher Cd than internodes

and leaves (Fig. 2). Each essential element displayed its specific
distribution model. For example, the highest concentration of K
was found in the uppermost internodes, and the highestMgwas
in second leaves under flag leaves. Concentration of Fe in rice
roots was as high as 74.12~78.60 g kg−1, but only in the range
of 0.11~0.93 g kg−1 in the organs of stalks. Foliar application
with nano-Si promoted the accumulation of K andMg in grains
and rachises significantly. Accumulation of Fe in grains and
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Fig. 1 Effect of nano-silicon on Cd concentrations in grains and rachises
(a); flag leaves, uppermost internodes, and nodes (b); second leaves,
second internodes, and nodes (c); and lower part of stalks and roots (d)
of rice plants grown in Cd-contaminated field. Si0, Si1, Si2, and Si3

represent treatments of foliar application with 0, 5, 10, and 25 mM
nano-silicon at anthesis stage, respectively. Different letters above
columns indicate significant difference at P < 0.05 among treatments

Table 2 Effects of nano-Si dose on concentrations of K, Mg, Ca, Mn, Fe, and Zn in rice grains and rachises

K (g·kg−1) Mg (g·kg−1) Ca (mg·kg−1) Mn (mg·kg−1) Fe (mg·kg−1) Zn (mg·kg−1)

Grains Si0 2.72 ± 0.03 d 1.24 ± 0.04 d 84.03 ± 2.72 75.47 ± 3.73 25.35 ± 0.55 d 28.07 ± 1.68

Si1 3.08 ± 0.05 c 1.34 ± 0.03 c 88.61 ± 1.41 73.45 ± 1.49 28.96 ± 0.84 c 27.28 ± 2.89

Si2 3.29 ± 0.09 b 1.47 ± 0.03 b 85.09 ± 4.43 75.47 ± 1.33 32.18 ± 0.87 b 28.43 ± 3.59

Si3 3.61 ± 0.05 a 1.57 ± 0.03 a 83.93 ± 4.86 74.31 ± 1.91 38.22 ± 2.36 a 28.65 ± 2.13

Rachises Si0 14.16 ± 0.18 c 0.66 ± 0.09 c 442.74 ± 31.07 338.08 ± 14.14 87.28 ± 5.2 c 56.66 ± 3.27

Si1 17.69 ± 1.51 b 0.78 ± 0.05 c 464.79 ± 6.01 334.01 ± 27.85 93.66 ± 0.55 bc 56.19 ± 3.22

Si2 18.81 ± 1.6 b 0.97 ± 0.09 b 434.12 ± 15.69 316.85 ± 6.91 102.49 ± 5.84 b 58.15 ± 6.29

Si3 24.50 ± 2.36 a 1.45 ± 0.12 a 435.43 ± 24.83 331.34 ± 21.9 136.51 ± 5.23 a 57.25 ± 5.81

Si0, Si1, Si2, and Si3 represent foliar application with 0, 5, 10, and 25 mM nano-Si at anthesis stage of rice, respectively. Different letters in the same
column indicate significant differences among different treatments at P < 0.05
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rachises was promoted only by high concentration of nano-Si
(25 mM). Meanwhile, Cd accumulation in grains and rachises
was significantly inhibited. High concentration of nano-Si
displayed greater influence on the distribution of K, Mg, Fe,
and Cd in grains and rachises than low concentration of nano-
Si. Concentrations of K, Mg, and Fe in flag leaves, first inter-
nodes, and first nodes were not influenced by nano-Si supply,
but concentrations of Cd in these organs decreased by 25 mM
nano-Si supply. Cd concentration in grains was significantly
correlated with Cd in rachises, r = 961**. Foliar application
with nano-Si at anthesis stage had little effect on the accumu-
lation of these ions in organs below the uppermost node.

Distribution model of Ca in vegetative organs was different
from that of Mn and Zn. Leaves and lower part of stalks
accumulated much more Ca than other organs. High concen-
tration of Mn was found in second leaves, but high concen-
tration of Zn was found in the uppermost and second inter-
nodes (Table S1). Foliar application with nano-Si had little
effects on their distribution in vegetative organs.

Effects of nano-Si on translocation factors of elements
in rice plants

Concentration of Cd ions in organs reflects their remobiliza-
tion potential from one organ to the others. TFs were calcu-
lated from the ratio of Cd concentrations in different organs of
rice plants. TFs of Cd ions from rachises to grains (TFs(Grains/
Rachises)) were greatly lower than TFs from the uppermost
nodes to rachises (TFs(Rachises/Nodes)) and TFs from roots to
the uppermost nodes (TFs(Nodes/Roots)) (Fig. 3a). Foliar appli-
cation with nano-Si had little effect on the TFs of Cd from
rachises to grains, but significantly decreased TFs of Cd from
the uppermost nodes to rachises as well as from roots to the
uppermost nodes. TF(Nodes/Roots) of K was as high as 13.20,
but TFs(Grains/Rachises) and TFs(Rachises/Nodes) of K were only in
the range of 0.15~0.51 (Fig. 3b). Nano-Si supply significantly

increased TFs of K from the uppermost nodes to rachises, but
had little effect on TFs(Grains/Rachises) and TFs(Nodes/Roots).
TFs(Grains/Rachises) of Mg significantly decreased with doses
of nano-Si supply (Fig. 3c). However, foliar application with
nano-Si increased TFs(Rachises/Nodes) of Mg but had little effect
on TFs(Nodes/Roots) of Mg. Most of Fe were remained in root
tissues and TFs of Fe between different organs were less than
0.33 (Fig. 3d). Nano-Si supply increased TFs(Rachises/Nodes) of
Fe on a small scale. TFs of Ca, Mn, and Zn from rachises to
grains were in the range of 0.19~0.50. Foliar supply with
nano-Si had little effects on TFs of Ca, Mn, and Zn between
different organs.

Discussion

About 60~90% of total carbon in the rice panicles at harvest is
derived from photosynthesis after heading, while 80% ormore
of nitrogen in the panicles at harvest is absorbed before head-
ing and remobilization from top three leaves (Mae 1997;
Zhang et al. 2003). Other nutrients stored in vegetative organs
are also remobilized to flow into grains (Bahrani and Joo
2010; Zhao et al. 2006). Rachis is the organ to connect stem
with grains. Nutrients in leaves and roots are finally
transported to the developing grains through rachises in pan-
icles of rice. High Cd concentration in rachises is closely cor-
related with high Cd in rice grains (Liu et al. 2017). Therefore,
conjoint effects of foliar fertilizers on the photosynthetic char-
acteristics and water using efficiency will certainly influence
the Cd concentration in rachises. Results in this experiment
proved that the concentrations of Cd and other elements in
rachises of rice plants were significantly affected by foliar
application with nano-Si at anthesis stage.

Foliar application of macro- and micro-nutrients has been
proven beneficial to plant development. Many factors such as
plant morphological characteristics and meteorological

Si0 Si1 Si2 Si3 Si0 Si1 Si2 Si3 Si0 Si1 Si2 Si3 Si0 Si1 Si2 Si3

Grains 2.72 3.08 3.29 3.61 1.24 1.34 1.47 1.57 0.03 0.03 0.03 0.04 0.80 0.54 0.43 0.28 3.5 0.3 0.03 0.2

Rachises 14.16 17.69 18.81 24.50 0.66 0.78 0.97 1.45 0.09 0.09 0.10 0.14 2.84 1.81 1.45 1.11 7.0 0.6 0.06 0.4

Flag leaves 21.16 20.52 22.73 21.47 1.94 1.94 1.97 1.92 0.14 0.14 0.14 0.14 1.25 1.16 1.21 0.79 10 0.9 0.09 0.6

1st
internodes 88.00 82.72 86.02 87.80 1.11 1.01 1.04 1.11 0.11 0.12 0.11 0.11 1.24 1.16 1.13 0.90 13 1.2 0.12 0.8

1st nodes 48.78 48.23 48.88 48.38 1.82 1.73 1.78 1.75 0.76 0.74 0.73 0.75 5.53 5.41 5.46 4.50 16 1.5 0.15 1.0

2nd leaves 22.45 21.35 22.16 22.27 2.80 2.53 2.52 2.52 0.29 0.24 0.23 0.26 0.59 0.61 0.57 0.47 30 1.8 0.3 1.2

2nd
internodes 71.90 68.48 68.10 68.97 1.24 1.30 1.22 1.23 0.16 0.17 0.16 0.16 2.23 2.31 2.27 2.37 45 2.1 0.6 2.0

2nd nodes 50.88 49.36 48.88 50.71 2.00 1.75 1.78 1.87 0.92 0.92 0.93 0.93 4.37 4.14 4.42 4.50 60 2.4 0.9 4.0

Lower part
of stalks 33.78 32.72 33.45 34.17 2.00 2.01 1.99 1.97 0.46 0.44 0.47 0.45 1.20 1.04 1.29 1.12 75 2.7 75 5.0

Roots 3.69 3.68 3.67 3.70 1.32 1.30 1.28 1.33 78.60 75.79 74.12 77.54 7.11 6.85 7.40 7.49 90 3.0 80 7.0

g kg-1 (g kg-1 (g kg-1) (mg kg-1)

K Mg Fe CdK g kg-1 Mg(g kg-1 Fe(g kg-1) Cd(mg kg-1)

Fig. 2 Effects of nano-Si on the distribution of K, Mg, Fe, and Cd in rice plants. Si0, Si1, Si2, and Si3 represent foliar application with 0, 5, 10, and
25 mM nano-Si, respectively
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conditions affect the uptake of nutrients with foliar application
(Shahid et al. 2017). Some leaf characteristics such as stomatal
density, roughness, and epicuticular waxes may affect deposi-
tion of heavy metals on leaf surface. Apparently, nanometer
scale particles have more chance to penetrate into leaf tissues.
After nano-Si was sprayed onto rice leaves at the anthesis
stage, Cd content in both grains and rachises at maturity stage
was significantly decreased (Fig. 1). It indicates that foliar
application with nano-Si can inhibit the movement of Cd from
vegetative organs to panicles of rice plants. Unlike application
into soil, foliar application with nano-Si directly increases the
content of Si in leaf tissues. High Si concentration may pro-
mote the coprecipitation of Cd with Si in metabolically less
active tissues, especially in the endodermis cell wall, pericy-
cle, xylem, and phloem (Adrees et al. 2015; da Cunha and do
Nascimento 2009; Shi et al. 2005). As a result, foliar Si supply
ameliorates Cd toxicity by immobilization of Cd ions in leaves
and stalks in rice plants.

There are complicated interactions between Cd and plant
nutrients. Many membrane transporters and channels are per-
meable to many essential cations like Ca2+, K+, Mg2+, and
unessential Cd2+ as well (Pinto and Ferreira 2015; Sarwar
et al. 2010). Cd could interfere with plant growth and cause

cell death by inhibiting uptake of essential nutrients.
Improving mineral nutrition is one of the roles for Si to alle-
viate Cd toxicity in rice plants (Tripathi et al. 2012; Farooq
et al. 2016; Wang et al. 2015). Our previous study found that
rice grains accumulated a lot of K and Mg. The concentration
of K was in the range of 0.73~3.84 g kg−1 andMg in the range
of 0.47~5.34 g kg−1 in rice grains, depending on cultivars and
planting sites (Liu et al. 2017). In this experiment, concentra-
tions of K+ increased from 2.72 to 3.61 g kg−1 and Mg2+ from
1.24 to 1.57 g kg−1 in grains after foliar application with nano-
Si at anthesis stage. However, Si supply increased Fe2+ con-
tent in rice grains on a small scale (3.61~12.87 mg kg−1) and
imposed very little effects on the accumulation of Ca2+, Mn2+,
and Zn2+ in rice grains. It means that Si, as a beneficial plant
nutrient, primarily promotes the accumulation of macronutri-
ents in grains. The enhancement effects of Si on the accumu-
lation of K and Mg in rachises seems greater than that in
grains, as their translocation factors from rachises to grains
decrease with Si supply.

Grain Cd are determined by both xylem-mediated root-to-
shoot Cd translocation and phloem-mediated Cd transport in
rice (Uraguchi et al. 2009; Kato et al. 2010). Shoot nodes play
an important role in transferring Cd from the xylem to the
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phloem (Fujimaki et al. 2010). Transporters are crucial for the
redirection of some minerals at nodal regions (Yamaji and Ma
2009; Kato et al. 2010). For example, the knockdown plants
of a low-affinity cation transporter gene (OsLCT1), which was
high expressed in nodes during the grain-ripening stage, ac-
cumulated approximately half as much Cd in the grains as did
the control plants (Uraguchi et al. 2011). In this experiment,
we found the Cd concentration in the uppermost node was as
higher as 6.0 mg kg−1, which was more than five times higher
than those in leaves and internodes. After redistribution of Cd
in the uppermost nodes, Cd concentration in the uppermost
internodes reduced to about 1.0 mg kg−1. Foliar application
with nano-Si did not change the Cd concentration in the up-
permost nodes and internodes, but significantly reduced the
Cd concentrations in rachises and grains. It indicates that Si
supply primarily inhibits Cd translocation from the uppermost
internodes to rachises and from rachises to grains. Si from
foliar application at anthesis stage may efficiently inhibit the
remobilization of Cd by binding of Cd to ligands in the cell
walls of the uppermost nodes and by inducing the lower ex-
pression of Cd-related transporters in the uppermost inter-
nodes and rachises (Ma et al. 2015, 2017).

Foliar-applied nutrients penetrate the cuticle into leaf free
space from where they may undergo selective phloem loading
stage followed by long-distance transport inside the plants
(Shahid et al. 2017). Dosage of nutrients sprayed on the
leaves, surface texture of leaves, and environmental condi-
tions are the predominant factors influencing nutrient uptake
by foliar pathways. With the increase of Si content in leaf
cells, Si is capable of forming unstable silicates with Cd ions
in the cytoplasm or inhibits Cd activity via the apoplastic
pathway by covalently bonding with Cd ions in the cell walls
as they diffuse through the cell walls and extracellular spaces
(Adrees et al. 2015). In this experiment, Cd concentrations in
grains and rachises were negatively associated with Si doses
sprayed on leaves. When high concentration of nano-Si
(25 mM) was applied by foliar pathway, Cd concentrations
in flag leaves, uppermost internodes, and nodes were also
significantly reduced. This phenomenon may have resulted
from the Si deposition underneath leaf cuticles. Si can modu-
late the formation of subcuticular double layer and reduce
water loss by transpiration of leaves (Lux et al. 2002; Hattori
et al. 2005; Maghsoudi et al. 2016). Decline of transpiration of
flag leaves during grain-filling period would reduce the
symplastic transport of Cd ions from lower parts of plants into
flag leaves.

Conclusions

The present study demonstrates that foliar application with
nano-Si can significantly inhibit Cd accumulation in grains
and rachises of rice plants grown in Cd-contaminated

farmland. The uppermost nodes can accumulate more than
seven times higher Cd than rice grains. Translocation of Cd
ions from roots to the uppermost nodes, and from the upper-
most nodes to rachises is greatly inhibited with nano-Si sup-
ply. Nano-Si can efficiently promote translocation of K, Mg,
and Fe from the uppermost nodes to rachises, but has little
effect on remobilization of Ca, Zn, andMn in rice plants. High
dose of nano-Si is more effective than low dose of nano-Si in
inhibiting remobilization of Cd ions from vegetative organs to
rachises during grain-filling period. Therefore, nano-Si has the
potential to be developed into a foliar fertilizer for the control
of Cd accumulation in rice grains.
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