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Abstract
Silicon (Si) has been reported to enhance the plant tolerance to cadmium (Cd) toxicity, while the Si–Cd interactions remain 
poorly investigated. In a laboratory study, the transport of monosilicic and polysilicic acids in the apoplast and symplast of 
roots, stems and leaves of rice as well as the effect of Si supplementation on the external solution-to-root-to-stem-to-leaf 
time-dependent Cd transport through apoplastic and symplastic pathways were investigated. The Cd translocation was very 
fast and mainly through apoplastic pathway. For 24 h the Cd concentration increased 38–50 times in apoplast and 6–8 times 
in symplast. In Cd-exposed plants, Cd entry into apoplast was inhibited during the first 2 days, but its massive flow was 
observed on the 4th day. In Si-supplied plants, the ability of apoplastic barriers to impede Cd root-to-leaf transport was 
higher during all time of examination. Silicon reduced the Cd transport through the apoplast of roots, stems, and leaves by 
50–90%, while the symplast transport of Cd was influenced by Si only in stems. In the apoplast and symplast, soluble Si was 
presented in the form of both monomers and polymers of silicic acid. Exposure to Cd initiated the uptake by roots and fast 
redistribution of Si from leaves to roots via mono- and polysilicic acids movement in apoplast and symplast.

Keywords Cadmium · Soluble Si · Rice · Apoplast · Symplast

Introduction

Pollution of the environment with cadmium (Cd) results 
from industrial wastes, the incineration of garbage, water-
ing fields with wastewater and application of agrochemicals 
(He et al. 2013; Zaid et al. 2019). Cadmium accumulates in 
harvested yield in the contaminated area and poses a health 
risk (Zhao et al. 2014). The mechanisms of Cd uptake by 
plants have been widely studied, but the regulation of Cd 
translocation to aboveground tissues remains elusive (Song 

et al. 2017; Wu et al. 2019). The absorption of Cd by plant 
depends on soil properties (pH, chemical and physical 
properties), a level of pollution, macro- and micronutrients 
uptake, temperature, and others (Ge et al. 2016; Song et al. 
2017). Usually, the absorbed Cd primarily accumulates in 
the roots (the root apoplast) (Ouariti et al. 1997; Ji et al. 
2017). However, in regard to posing a risk to human health, 
the Cd accumulated in the aboveground organs of plants, 
except root crops, is crucial.

Cadmium enters the plant from soil mainly via root 
uptake in the form of accidental transport by specific and 
non-specific transporters of essential elements such as 
 Fe2+,  Ca2+,  Zn2+,  Cu2+ and  Mg2+ (Roth et al. 2006; Llu-
gany et al. 2012). The root-to-leaf Cd transport occurs 
through apoplastic and symplastic pathways (Song et al. 
2017; Wu et  al. 2019). During transportation, Cd is 
partly precipitated, trapped into cell wall or capsulated 
by organic or inorganic substances (Rodda et al. 2011). 
The formation of Cd complexes with organic ligands is 
recognized as the mechanism of increasing plant toler-
ance to this toxic metal (Song et al. 2017). However, many 
heavy metal-transport proteins have not been identified at 
the molecular level, and the transport function, specificity, 

Handling Editor: Rhonda Peavy.

 * Vladimir Matichenkov 
 vvmatichenkov@yandex.ru

1 Long Ping Branch, Graduate School of Hunan University, 
Changsha, China

2 Institute of Agro-Environment and Ecology, Hunan Academy 
of Agricultural Science (HAAS), Changsha 410125, China

3 Key Laboratory of Agro-Environment in Midstream 
of Yangtze Plain, Ministry of Agriculture, Changsha, China

4 Institute Basic Biological Problems, Pushchino, 
Russia 142290

http://orcid.org/0000-0003-2659-5295
http://crossmark.crossref.org/dialog/?doi=10.1007/s00344-021-10341-2&domain=pdf


819Journal of Plant Growth Regulation (2022) 41:818–829 

1 3

and location of most of them in plants remain unknown. 
Knowledge of the dynamics of mobile and immobile forms 
of Cd in different plant organs and tissues is essential in 
regard to understanding of the process and finding the 
most effective way to minimize the Cd accumulation in 
the harvested crop.

Recently many authors reported that Si-rich substances 
mitigate the Cd-induced negative impact on growth of 
various plants (Dresler et al. 2015; Vaculík et al. 2015). 
Indirect effect of Si on Cd-stressed plants is mainly attrib-
uted to adsorption of mobile forms of Cd on the surface 
of soil-applied Si materials (Keller et al. 2005). Silicon 
applied as soil amendment was efficient in reducing Cd 
mobility (Treder and Cieslinski 2005).

Additional Si was shown to reduce the Cd toxicity 
symptoms in cultivated plants via modulating metabolic 
activities, including photosynthesis process (Zhang et al. 
2014; Yu et al. 2016). Silicon-treated plants demonstrated 
enhanced antioxidant enzyme activities and diminished 
the lipid peroxidation, resulting in alleviating Cd-induced 
oxidative damages (Song et al. 2009; Farooq et al. 2016; 
Kabir et  al. 2016). Improved plant Si nutrition was 
reported to increase the Cd accumulation in the endoder-
mis of rice seedling roots, restricted the Cd transport to 
shoots, and deposited mainly into the cell walls of endo-
dermis, thus blocking the apoplastic transport of Cd (Shi 
et al. 2005; Wu et al. 2019). Application of Si substances 
decreased the Cd uptake by and the root-to-shoot transport 
inside plants (Ji et al. 2017; Shao et al. 2017; Greger and 
Landberg 2019). However, the Cd transport in detail as 
well as the role of apoplastic and symplastic pathways as 
affected by additional Si remain poorly investigated.

Among soluble forms of Si, monosilicic acid is recog-
nized the most significant for plants (Li et al. 2012; Tubaña 
and Heckman 2015). Two forms of monosilicic acid are 
distinguished: orthosilicic acid  (H4SiO4) and metasilicic 
acid  (H2SiO3). Orthosilicic acid is the predominant form 
of monosilicic acid in aqueous systems and in soil solution 
(Iler 1979; Dietzel 2002). Metasilicic acid is reported to 
be hypothetical or unstable form of silicic acid at very low 
pH (< 3) (Jurkić et al. 2013; Mondal et al. 2009). However, 
this term is used in many studies conducted with sodium 
silicate because it contains anion of methasilicic acid (Wu 
et al. 2013). Determination of monosilicic acid is based on 
the reaction with ammonium molybdate with the formation 
of yellow complex (Mullin and Riley 1955). Both forms 
of monosilicic acid react with ammonium molybdate, so 
many authors suggest to use the single term “monosilicic 
acid” (Mullin and Riley 1955; Iler 1979; Dietzel 2002; 
Jurkić et al. 2013).

Monosilicic acid can polymerize according to the 
equation:

resulting in the formation of polysilicic acid 
([SiOx(OH)4−2x]) (Dietzel 2002; Jurkić et  al. 2013). 
According to Iler (1979), polysilicic acid is silicic acid con-
taining more than 2 atoms of Si. The mechanism of the poly-
silicic acid formation is not fully understood to date (Kley 
et al. 2017). Polymers consist of silica tetrahedrons that are 
linked via silicon–oxygen–silicon bonds. The formation of 
polysilicic acid may be described according to the equation: 
≡Si–OH + HO–Si≡ = ≡Si–O–Si≡ +  H2O (Iler 1979). Among 
polysilicic acids, molecules with up to ten atoms of Si are 
called oligomers (Igarashi et al. 2017).

Both monomers and polymers of silicic acid are water-
soluble, while their chemical and biochemical properties 
highly vary.

Plants absorb Si from soil solution in the form of mon-
osilicic acid (Ma and Takahashi 2002). Negative charge 
resulting from dehydration contributes to the chemical and 
biochemical activity of monosilicic acid (Iler 1979). The 
significant role of monosilicic acid in plant, soil, and water 
is well documented (Ji et al. 2016; Bosnic et al. 2019).

Unlike monosilicic acid, polysilicic acid is less chemi-
cally active because the surface charge, arising from dis-
sociation, is neutralized by the molecule itself due to its 
flexible structure (Iler 1979). Polysilicic acid does not react 
with ammonium molybdate and cannot be determined by 
the classical molybdenum blue colorimetric method. It 
is interesting that polysilicic acid or Si gel is exploited in 
low temperature synthesis of many organic molecules as 
catalyst (Banerjee et al. 2001). There is the hypothesis that 
polysilicic acid can adsorb and capsulate organic and inor-
ganic molecules (Nguyen et al. 2017). Polysilicic acid may 
participate in the transport and translocation of Si in plant 
organs (Matichenkov et al. 2018). Unfortunately, informa-
tion about the role and functions of polysilicic acid in plant 
is extremely limited.

The main aim of this study was to investigate the impact 
of mono- and polysilicic acids on the external solution-to-
root-to-stem-to-shoot transport of Cd through the apoplastic 
and symplastic pathways in rice plants.

Materials and Methods

In a pot experiment, seedlings of rice (Oryza sativa L. cv. Lu 
Liang You 996) were cultivated in paddy soil (moist, poorly 
drained, silt loam, formed on Ultisol), which had the fol-
lowing characteristics: pH 6.5 ± 0.1;  Corg 44.2 ± 0.4 g  kg−1; 
CEC 9.4 ± 0.2 cmol   kg−1; total Cd 0.05 ± 0.01 mg  kg−1; 
total nitrogen (N) 3.08 ± 0.04 g  kg−1; total phosphorus (P) 
1.11 ± 0.04 g  kg−1; total potassium (K) 25.3 ± 0.5 g  kg−1; 
sand content 29.3 ± 1.5%; clay content 30.2 ± 3.5%; 

≡Si−OH + HO−Si≡ = ≡Si−O−Si≡ + H2O,
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water-extractable Si 3.5 ± 0.2 mg  kg−1 and acid-extractable 
Si 125 ± 15 mg  kg−1. The total soil content of Cd, P and K 
was analyzed after a  HNO3–H2O2 microwave digestion and 
then solutions were analyzed by ICP-MS I Cap-Q (USA) 
(Aldabe et al. 2013).

To analyze water-soluble Si in soil: (1) 6.0 ± 0.1 g of 
fresh sample was placed into a 100-mL plastic vessel; (2) 
30-mL of water was added to each vessel; (3) after 1 h shak-
ing, a sample was filtered and a clean extract was analyzed 
for monosilicic acid using the Mullin and Riley method 
(1955). The acid extraction procedure was as follows: (1) 
2 (2.0 ± 0.1) g of an air-dried soil sample was placed in a 
100 mL polyethylene cup; (2) 20 mL of 0.1 M HCl was 
added and the mixture was agitated at 200 rpm for 30 min; 
(3) After standing overnight, the mixture was agitated again 
for 30 min, then the supernatant was centrifuged at 7000 rpm 
for 15 min. Si was analyzed in cleaned extract by the method 
mentioned above.

As evident from the water-extractable and acid-extracta-
ble Si values, the experimental soil was critically deficient in 
plant-available and potentially plant-available Si (Matichen-
kov et al. 2018). The rice was grown in a climatic cham-
ber for 30 days at the following conditions: air temperature 
26 ± 4 °C during the day and 22 ± 2 °C during the night; 
the light period was 12 h at intensity of 200 lmol photons 
 m−2  s−1 by UV/Vis lighting, and the relative air humidity 
was 85 ± 5% during the day and 78 ± 5% during the night. 
Plants were irrigated with distilled water (DW) for keeping 
soil moisture between 20 and 40%.

One-month-old plants were removed carefully from soil, 
then roots were washed with DW and 5 plants were put into 
each 250-mL glass flask containing 200 mL of a solution.

The following solutions were used:
(1) Control (DW);
(2) Cd, 50 μM;
(3) Si, 1 mM;
(4) Cd, 50 μM + Si, 1 mM.
Each treatment was conducted in ten replications with 

five plants in each flask to have enough material for plant 
analyses. The Cd solution was prepared from Cd(NO3)2, the 
Si solution was prepared from concentrated monosilicic acid 
(Fisher Scientific, CAS-No 7699-41-4). Only low concentra-
tions of Cd and monosilicic acid were used to prevent the 
Cd precipitation. Before experiment, to verify the absence of 
precipitation, the solution #4 was kept for a week and then 
analyzed for Cd and monosilicic acid. The results showed 
that the concentrations of Cd and monosilicic acid did not 
change. In Cd-free solutions, nitrate introduced by Cd(NO3)2 
was supplemented with Ca(NO3)2.

Each flask was covered with aluminum foil to keep dark 
and minimize water evaporation. To compensate the water 
losses by leaf transpiration, DW was added to flask daily 
to maintain a volume of 200 mL. Every day the aeration 

of the water was conduced using EcoPlus 126 GPH (480 
LPH, 3 W) Air Pump during 10 min. All flasks were satay 
in climatic chamber with same condition as were used for 
rice growing.

Daily for a week, five plants from each treatment were 
pulled out of the flasks and roots were washed with DW. 
Then roots, stems and leaves were separated. The soluble 
forms of Cd and monosilicic acid in the apoplast and sym-
plast of roots, stems, and leaves were analyzed using the 
following technique. A fresh plant sample of 0.20 + 0.01 g 
was cut into 1–2 cm pieces and put into a plastic bottle. 
Then, 50 mL of DW was added and the mixture was agi-
tated for 24 h to provide diffusion of apoplast solution into 
external solution (Kursanov 1968, 1976; Matichenkov et al. 
2008). The mixture was filtrated and a cleaned solution was 
analyzed for monosilicic acid, polysilicic acid and Cd. The 
plant tissues after filtering were homogenized to crush all 
cell walls. Homogenized slurry was mixed with 50 mL of 
DW and agitated for 1 h. As a result, the diluted symplast 
solution was obtained and analyzed after centrifugation 
for monosilicic acid, polysilicic acid and Cd. Based on the 
data on plant tissue moisture, the concentrations of monosi-
licic acid, polysilicic acid and Cd were calculated on a dry 
weight.

The concentration of monosilicic acid in a solution was 
tested by the molybdate method (Mullin and Riley 1955). 
To measure polysilicic acid, 0.10 ± 0.01 g of NaOH was 
added to an aliquot (20–25 mL) of tested solution, then 
the solutions stayed for 2 weeks at + 4 °C in refrigerator 
to achieve complete depolymerization (Matychenkov and 
Snyder 1996). After that, the concentration of monosilicic 
acid was measured and the concentration of polysilicic acid 
was estimated on a difference between Si values after and 
before depolymerization.

On the first and the last days of the experiment, plant 
samples were analyzed for total Si and Cd. To analyze Si, 
a plant sample of 0.20 ± 0.01 g was placed into a Teflon 
tube and 4 mL of 50% NaOH was added. After standing for 
12 h, 2 mL of 30%  H2O2 was added; the tubes were kept 
for 30 min, capped, and placed into the microwave (CEM 
MARS 6 MS5181) for 30 min. To analyze total Cd, a plant 
sample of 0.20 ± 0.01 g was predigested in a mixture of 
4 mL of concentrated  HNO3 and 2 mL of 30%  H2O2 over-
night followed by microwave digestion for 30 min. Silicon 
was analyzed by the molybdate method (Mullin and Riley 
1955). Cadmium, P and K in solutions were analyzed by 
ICP-MS I Cap-Q (USA).

Statistical Analysis

Plants were sampled in five replications. All data obtained 
were subjected to a statistical analysis based on comparative 
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methods using Duncan’s multiple range tests for mean sepa-
ration at the 5% level of significance (Duncan 1957).

Results

Biomass of roots, stems and leaves is presented in Table 1. 
On the 7th day, fresh weights of the roots, stems and leaves 
in Cd solution were significantly lower than those in DW, Si 
treatment, or Si + Cd treatment, whereas the corresponding 
dry weights stayed equal in all solutions.

On the 7th day, the total plant Si was significantly 
increased in Si treatment and especially in Cd + Si treatment. 
In Cd + Si treatment, the root, stem and leaf Si increased 
from 2.18, 1.79, and 1.23 to 2.28, 1.85, and 1.34%, respec-
tively, as compared to the Si-exposed plants (Table 2).

On the 7th day of the experiment, an increase in the total 
Cd was determined in Cd-exposed plants. Among different 
plant organs, a higher increase was observed in roots, up 
to 1.25 mg  kg−1 of Cd in Cd + Si treatment in comparison 
with 0.42 mg  kg−1 in control. The maximum values of the 
stem and leaf Cd were detected in alone Cd treatment. The 
presence of monosilicic acid in Cd solution resulted in a 
reduction from 0.28 to 0.21 and from 0.25 to 0.15 mg  kg−1 
of Cd in the stems and leaves, respectively.

The concentrations of monosilicic acid in the apoplast 
of roots, stems, and leaves are presented in Fig. 1. In the 
root apoplast, the monosilicic acid increased from 114 to 
212 ppm of Si in Cd treatment, to 365 ppm of Si in Si treat-
ment, and to 232 ppm of Si in Cd + Si treatment for the 
first 3 days. After that, the concentration of monosilicic 
acid remained around 70–120 ppm of Si. The dynamics of 
monosilicic acid in the stem and leaf apoplast in control and 

Table 1  Fresh and dry weights 
of roots, stems and leaves of 
rice on the 1st and the 7th days 
of experiment (n = 5)

Different letters mean significant differences between the treatments at 0.05% level

Treatment Fresh weight Dry weight

Roots Stems Leaves Roots Stems Leaves

g  plant−1

1st day
 Control 0.352c 0.435c 0.453c 0.054a 0.056a 0.042a
 Cd 0.343bc 0.424c 0.445c 0.053a 0.057a 0.043a
 Si 0.353c 0.433c 0.441c 0.054a 0.057a 0.043a
 Cd + Si 0.355c 0.432c 0.452c 0.053a 0.056a 0.043a

7th day
 Control 0.323b 0.325b 0.334b 0.053a 0.056a 0.044a
 Cd 0.122a 0.124a 0.125a 0.053a 0.057a 0.043a
 Si 0.344bc 0.353b 0.364b 0.054a 0.058a 0.044a
 Cd + Si 0.345bc 0.373b 0.365b 0.055a 0.058a 0.045a

Table 2  Total Si and Cd in 
roots, stems and leaves of rice 
on the 1st and the 7th days of 
experiment (n = 5)

Different letters mean significant differences between the treatments at 0.05% level

Treatment Si Cd

Roots Stems Leaves Roots Stems Leaves

% mg  kg−1

1st day
 Control 1.94a 1.58a 1.02b 0.45a 0.15a 0.11a
 Cd 1.95a 1.57a 1.03b 0.48a 0.15a 0.12a
 Si 1.95a 1.58a 1.03b 0.46a 0.13a 0.11a
 Cd + Si 1.95a 1.59a 1.02b 0.46a 0.13a 0.11a

7th day
 Control 1.94a 1.59a 1.03b 0.42a 0.14a 0.12a
 Cd 1.99b 1.57a 0.94a 1.05b 0.28c 0.25c
 Si 2.18c 1.79b 1.23c 0.45a 0.13a 0.11a
 Cd + Si 2.28d 1.85c 1.34d 1.25c 0.21b 0.15b
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Cd solution was similar. While in Cd + Si and Si treatment, 
a gradual increase in soluble Si was observed in the stem 
apoplast during 4 and 7 days, respectively.

Generally, the concentrations of monosilicic acid in the 
symplast of roots, stems and leaves were higher than those 
in the corresponding apoplast (Fig. 2). Initial concentrations 
of monosilicic acid amounted to 114 and 250; 245 and 300; 
and 150 and 447 ppm of Si, respectively in the apoplast and 
symplast of roots, stems, and leaves. The monosilicic acid 
in the root and leaf symplast gradually decreased in control 
and Cd treatment within 7 days. In Si or Cd + Si treatment, 
the monosilicic acid in the root, stem and leaf symplast 
increased during the first 3–4 days and then decreased.

The dynamics of polysilicic acid in the apoplast and sym-
plast of rice is presented in Figs. 3 and 4. Polysilicic acid in 
the root apoplast gradually reduced from 228 to 91 ppm of Si 
in control. In Cd solution, the root apoplast polysilicic acid 
significantly increased on the 2nd day of the experiment, but 
then gradually decreased up to 97 ppm of Si. In Si or Cd + Si 
treatment, the polysilicic acid in the stem apoplast increased 
for the first 4 days and then decreased. In the stem apoplast, 
the dynamics of polysilicic acid was the same in control and 
Cd treatment, demonstrating a gradual reduction, whereas in 

Si and Cd + Si treatment a maximum increase in polysilicic 
acid was observed on the 2nd day, having reached up to 810 
and 568 ppm of Si, respectively. The dynamics of polysilicic 
acid in the leaf apoplast was different. In control and Cd 
solution, the polysilicic acid concentration was markedly 
reduced on the 2nd day, but then gradually increased up to 
249 and 263 ppm of Si, respectively. In Si or Cd + Si solu-
tion, the leaf apoplast polysilicic acid continually increased 
up to 417 and 360 ppm of Si, correspondingly.

In control, the root symplast polysilicic acid gradu-
ally declined within 3 days and then stabilized at the level 
of 127 ppm of Si. In Cd-exposed plants, this parameter 
increased from 204 to 236 ppm of Si on the 1st day and 
then gradually decreased to 172 ppm of Si. In Si or Cd + Si 
solution, the root symplast polysilicic acid sharply increased 
on the 2nd day, which demonstrate higher values in the pres-
ence of Cd.

The concentration of polysilicic acid in the stem symplast 
in Si-free solutions was slightly decreasing, then stabilized 
within the first 4 days, and then reduced to 188 and 120 ppm 
of Si in control and Cd treatment, respectively. In the pres-
ence of monosilicic acid, the dynamics in the stem sym-
plast polysilicic acid has changed considerably. For the first 

Fig. 1  Concentration of monosilicic acid in the apoplast of roots, stems, and leaves of rice
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4 days, polysilicic acid reached up to 666 and 703 ppm of 
Si in Si and Cd + Si treatment, correspondingly. After that, 
it began to decline.

The leaf symplast polysilicic acid in Si-free solution first 
gradually decreased and then stabilized. In Si or Cd + Si 
treatment, the leaf symplast polysilicic acid was increas-
ing from the 2nd day to the 5th day and reached 500 and 
594 ppm of Si, respectively.

The dynamics of soluble Cd in plant tissues are presented 
in Figs. 5 and 6. In control and Si solution, soluble Cd in the 
apoplast and symplast of roots, stems and leaves was very 
low, in range of 8–9 to 125–128 ppm of Si, and did not alter 
in the course of experiment. Lesser concentrations of Cd 
were detected in the leaf apoplast and higher ones—in the 
root symplast.

In Cd-exposed plants, the dynamics of soluble Cd 
was more complicated. The maximum values of Cd were 
observed in the root apoplast on the 4th day of the experi-
ment and reached up 32,838 ppm of Cd in Cd treatment. 
In Cd + Si treatment, the root apoplast Cd did not exceed 
3807 ppm, being maximum on the 5th day of experiment. 
Similar dynamics was observed in the stem and leaf apo-
plast, although the Cd values were significantly lower in 

comparison with the roots. The maximum stem apoplast 
Cd amounted to 24,432 and 5390 ppm in Cd and Cd + Si 
treatment, respectively. The corresponding values in the leaf 
apoplast did not exceed 12,958 and 2662 ppm.

The Cd content in the root symplast of Cd-free plants was 
almost fivefold higher than that in the root apoplast—123 vs 
25 ppm of Cd. On the contrary, Cd in the root symplast of 
Cd-exposed plants was much lower than that in the apoplast. 
Besides, the dynamics in the root symplast Cd was different. 
For the first 2 days, the Cd sharply increased and then altered 
slightly. It is important that some increase in the root apo-
plast Cd, from 3265 to 3798 ppm, was detected in Cd + Si 
treatment as compared to that in Cd treatment.

The dynamics of Cd in the symplast and apoplast of stems 
was very similar—maximum on the 4th day, followed by a 
sharp decrease. In Cd + Si treatment, both the symplast and 
apoplast Cd were much lower in comparison with those in 
Cd treatment. The dynamics of Cd in the leaf apoplast was 
identical to that in the stems. But the dynamics of the leaf 
symplast Cd was different compared to the root or stem sym-
plast. There was a gradual increase for the first 4 days and 
some reduction after that. The addition of Si in Cd treatment 
markedly reduced the leaf symplast Cd.

Fig. 2  Concentration of monosilicic acid in the symplast of roots, stems, and leaves of rice
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Discussion

In the current experiment, the concentrations of Cd in the 
apoplast and symplast ranged between 9 and 126 ppm and 
between 322 and 12,528 ppm of Cd in the control and Cd-
exposed plants, respectively. The monosilicic acid concen-
trations ranged between 66.4 and 870.6 ppm of Si in the 
apoplast and from 244.5 to 1036.3 ppm of Si in the sym-
plast. Therefore, intercellular and intracellular solutions in 
plant can be characterized as saturated or hyper saturated. 
The direction and rate of chemical and biochemical reac-
tions in hyper saturated solutions are poorly understood 
and can differ as compared with diluted solutions (Chang 
and Myerson 1985; Okutsu et al. 2007; Hussner et al. 
2016).

Immediately after putting plants into Cd solution, Cd 
began to move from roots to leaves very fast, predominantly 
via the apoplastic pathway. The apoplastic pathway includes 
endodermal barriers, such as Casparian strips and supra-cel-
lular suberin deposition (Barberon et al. 2016). In 3–4 days, 
the Cd concentrations reached 32.8; 24; and 13 g   kg−1, 
respectively in the apoplast of roots, stems, and leaves. Thus, 
the reductions in the apoplast Cd concentrations accounted 
for 26.8% from root to stem and 45.8% from stem to leaf.

Dehydration of plant tissue is well recognized symptom 
of physiological and biochemical destructive processes in 
plant cell (Sundari 2014). We hypothesize that critically high 
values of Cd in the apoplast may damage entire transport 
system, including the transport of water and nutrients. As a 
result, there was dehydration of Cd-exposed plants.

The dynamics of the stem symplast Cd was similar to 
that in the apoplast of root, stem and leaf, but differed from 
the root and leaf symplast. Perhaps, the Cd concentration 
in stem symplast is controlled by direct translocation from 
stem apoplast because the stem symplast is parallel to the 
apoplast and has much lower volume compared to the root 
and leaf symplast.

Regarding Si, several transport genes have been identi-
fied so far in different plants, for example Lsi1, Lsi2 in rice, 
HvLsi1 and HvLsi2 in barley, ScLsi1 in cucumber (Hosseini 
et al. 2017; Sahebi et al. 2017; Sun et al. 2017). Numerous 
investigations have shown that plant absorbs only monomer 
of silicic acid or its anion (Ma and Takahashi 2002; Ma 
and Yamaji 2015). Two types of Si transporters have been 
reported: channel-type transporter and efflux transporter. 
The channel-type Si transporter (Lsi1) facilitates the pas-
sive transport of Si across the plasma membrane between 
the external solution (i.e. apoplast) and the plant cell (Ma 

Fig. 3  Concentration of polysilicic acid in the apoplast of roots, stems, and leaves of rice
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and Yamaji 2015). The efflux transport of Si by Lsi2 is an 
active process that is driven by the proton gradient across 
the plasma membrane (Ma et al. 2007).

In the current and previous studies, at least two forms of 
soluble Si present in the plant apoplast and symplast were 
detected: monosilicic acid and polysilicic acid (Matichen-
kov et al. 2008; Ji et al. 2017). Atomic absorption or ICP 
spectroscopy doesn’t analyze these forms of Si separately. 
However, monomers of silicic acid react with molybdenum 
ammonia, while polymers don’t (Iler 1979). This feature 
makes possible to distinguish both forms of soluble Si.

Reducing the leaf Si and significantly increasing the root 
Si evidence the reverse leaf-to-root translocation under Cd 
exposure. It is possible to assume that Si can move through 
the apoplast as monomers and polymers of silicic acid. We 
suppose that in response to Cd exposure, plants induce 
signaling mechanisms for Si transport to Cd-stressed tissue. 
The Si redistribution within plant and accumulation in the 
stressed tissue has been reported in our earlier investigations 
(Matichenkov et al. 1999, 2000).

In the presence of Cd, Si supplementation enhanced the 
Si uptake and accumulation by all organs of rice. We assume 
that Cd stress activates both the Si absorption and redistribu-
tion to reinforce plant tolerance. These data are consistent 

with our and literary findings that any abiotic or biotic stress 
initiates the additional Si absorption by plants (Dresler et al. 
2015; Matichenkov et al. 2000, 2018).

Generally, two main Si-mediated impacts on the Cd 
biotoxicity can be distinguished: through soil and directly 
through plant (Emamverdian et al. 2018). In soil, Si detoxi-
fication mechanisms include change in chemical specia-
tion of Cd via increasing pH, adsorption, complexation and 
precipitation that lead to the immobilization of toxic ions 
(Matichenkov and Xiao 2019). In plant, monosilicic acid 
can also precipitate Cd with the formation of silicates such 
as  CdSiO3 or  Cd2SiO4 (Ji et al. 2016). Cadmium precipi-
tation in the roots, trapping by cell walls, capsulation by 
polymers of silicic acid, and extension of apoplastic barriers 
are among the major Si-induced mechanisms responsible 
for decreased the Cd translocation from roots to aerial plant 
organs (Wu et al. 2019; Ji et al. 2017; Sohail et al. 2020). 
Our data have revealed that the Cd root-to-leaf transport 
occurred predominantly in the apoplast. The dynamics of Cd 
differed between apoplast and symplast. The accumulative 
curve that described the Cd dynamics in the root and leaf 
symplasts suggests a passive transport of Cd. A 2 or 3-day 
delay in entering of Cd into apoplast confirms the avail-
ability of specific mechanisms for minimizing Cd transport. 

Fig. 4  Concentration of polysilicic acid in the symplast of roots, stems, and leaves of rice
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A sharp increase in Cd on the 4th to 5th day indicates the 
impairment of apoplastic barriers, ultimately resulting in 
plant death. Supplemental Si reinforced these mechanisms 
and prevented massive Cd transport. Detailed physiological, 
biochemical and morphological investigations of Si-assisted 
mechanisms are required.

Conclusions

The present study evidences that the external solution-to-
root-to-stem-to-leaf transport of soluble forms of Cd is very 
fast, the Cd concentrations increased 38–50 times and 6–8 
times, respectively in the apoplastic and symplastic path-
ways for 24 h.

In Cd-exposed plants, apoplastic barriers inhibited Cd 
transport during only several days, whereas Si supplementa-
tion promoted the efficacy of apoplastic barriers during all 
time of examination.

The dynamics of Cd transport through the stem symplast 
and apoplast was the same, but differed from the root and 
leaf symplast, probably due to direct apoplast-to-symplast 
Cd translocation in stem.

In the apoplast and symplast, soluble Si was in the form of 
both monomers and polymers of silicic acid.

Exposure to Cd accelerated Si uptake by roots and redistri-
bution from stem and leaf to root as being Cd-stressed.
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