
Introduction

Water is an environmental factor governing yield 
size and its quality of all plants. In many regions of 
the world, water deficit inhibits seeds germination, 
causes the delayed and  irregular plant emergence and 
weak growth of seedling. All vital processes in plants 
are related to water, hence its deficit brings about 
detrimental changes in plant metabolism and ultimately 
in plant growth and development. In the conditions 
of water shortage, plant water management becomes 
disturbed, stomata are closing and transpiration is 

reduced. Due to high osmotic pressure in the soil, 
plants suffer from dehydration or even water efflux 
from plant cells [1]. As a secondary effect, in plant 
cells may appear oxidative stress. This stress results 
from over generation of reactive oxygen species that 
lead to many nonspecific oxidative reactions, including 
lipids oxidation and increasing membrane permeability. 
Malondialdehyde (MDA) is one of the products of 
peroxidation and degradation of plasma membranes 
and is often used as an indicator of the oxidative 
damage in cells are very important. In plants are 
triggered defense mechanisms that help them to survive 
various stresses. Among them the biosynthesis and 
accumulation of protective organic compounds in cells. 
These osmoprotectants (osmolytes) are responsible for 
osmotic adjustment, turgor maintenance, stabilization of 
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Abstract

The study aimed to examine the effect of silicon on spring wheat subjected to drought stress. 
The experiment was conducted in hydroponic conditions on 10-day old wheat seedlings. Drought 
stress was induced by polyethylene glycol (PEG 6000) at the concentration of 10% and 15% added to 
nutrient medium. Silicon was used in the form of silicic acid (H4SiO4) at the doses of 1.0 and 1.5 mM.  
Silicon evidently improved growth of all plants. Under stress conditions silicon significantly increased 
concentration of photosynthetic pigments and lowered malondialdehyde content in leaves. Silicon also 
had a positive effect on nitrate supply in leaves. Applying silicon, to some extent influenced proline 
concentration in leaves and soluble carbohydrates content in roots.

Concluding, the application of silicic acid improves growth of wheat seedlings and effectively 
alleviates the negative effects caused by drought stress. 
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proteins and cell structures, removal of reactive forms of 
oxygen [2, 3]. Very important osmoprotectants include 
amino acids, particularly proline, and simple sugars 
and their derivatives. Proline, a protein amino acid, is 
a major osmoprotectant accumulating in a variety of 
plant species under different environmental stresses. 
However, the role of proline, regarded as a component of 
plant antioxidative system and the osmotic adjustment, 
seems to be ambiguous. Some researchers question the 
osmoregulatory role of this compound [4]. 

To ameliorate negative effects caused by various 
stress factors different solutions are used. Among 
them, very important is a proper mineral nutrition 
using not only conventional essential nutrients but also 
non-essential but beneficial elements. Silicon is one 
of examples of such elements, although its role and 
mechanism of action are not fully understood. Numerous 
studies show that application of silicon enhances growth, 
yield and crop quality, photosynthesis, nitrogen fixation, 
particularly in plants exposed to different abiotic and 
biotic stresses [5-7]. The experiments of Kaya et al.  
[8] on maize seedlings revealed that addition of Si  
(1 and 2 mM) improved water-stress tolerance of  
plants by enhancing relative water content, dry mass 
of shoots, chlorophyll concentration and reduction 
of mineral disturbance. Also other studies describe 
a beneficial role of silicon in plants exposed to water 
stress and suggest that Si application may be an effective 
approach to improve growth in these conditions  
[9-11]. 

Silicon in the soil solution occurs mainly as mono 
silicic acid (H4SiO4) and only in this form is available 
to plants. Absorption of silicic acid takes place at the 
lateral roots and is performed actively using specific 
transporters in monocotyledons, such as wheat, 
sugarcane, rice and barley, and passively using diffusion 
in dicotyledonous plants. The absorbed H4SiO4 is 
deposited mainly in leaf epidermal cells and become 
condensed into a hard immobile polymerized silica gel 
SiO2·nH2O. Silicon layer in cell walls increases their 
mechanical strength, reduces transpiration and lead to 

the use of water by plants more effectively [5, 8-12]. 
Some authors point to the fact that silicon can prevent 
degradation of cell membranes structure and functions, 
as well as it can act as osmolytes regulator in plant 
cells. However, understanding of the role of Si in abiotic 
stress resistance is relatively limited, many issues are 
still open and new important questions are emerging 
[13]. 

The aim of this study was to evaluate the effect of 
silicon on growth  and some biochemical parameters in 
wheat grown under two levels of drought stress. Silicon 
was added to a nutrient medium in the form of silicic 
acid and for this reason obtained results are solely 
connected with the added silicon. In most experiments 
researchers use silicates (sodium or potassium) as a 
source of this element. 

Materials and Methods

Plant Material and Treatments

The experiments were conducted in the greenhouse 
of Institute of Soil Science and Plant Cultivation in 
Wroclaw (Poland), in 2018. Plants were cultivated in 
the hydroponic cultures in nutrient solution containing 
(mM): 3 Ca(NO3)2 4 H2O, 2 KNO3, 1 MgSO4 7 H2O,
1 KH2PO4, 0,2 Fe-EDTA and microelements. 
The pH of the solution was adjusted to 6.0. After 
germination, eighteen uniform germinated grains of 
spring wheat (Triticum aestivum L.) were transferred 
into hydroponics and were grown for 10 days. The 
experiment was carried out at the temperature range 
of 15-25ºC, and humidity 60-70%. Drought stress was 
induced by polyethylene glycol (PEG 6000) added to the 
nutrient solution. Silicon applied in the form of silicic 
acid was dissolved in water and placed in a ultrasonic 
bath for 2 hours to obtain stable colloidal system.  

Fig. 1. The influence of mild drought stress (10% PEG) and 
silicic acid (1.0 mM H4SiO4) on 10-day old wheat seedlings 
(K – Control). Photo taken by U. Sienkiewicz-Cholewa.

Fig. 2. The influence of severe drought stress (15% PEG) and 
silicic acid (1.5 mM H4SiO4) on 10-day old wheat seedlings 
(K – Control). Photo taken by U. Sienkiewicz-Cholewa.
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The concentrations  of silicic acid and PEG were 
selected on the basis of preliminary tests. 

The experimental design consisted of following 
treatments:  
1/ the control (without PEG and H4SiO4 added), 
2/ 1.0 mM H4SiO4 added,
3/ 10% PEG added, 
4/ 10% PEG  + 1.0 mM H4SiO4 added.
5/ 1.5 mM H4SiO4 added,
6/ 15% PEG  added, 
7/ 15% PEG + 1.5 mM H4SiO4 added.

There were six replications of each treatment. 

Determination of Growth Parameters 
and Photosynthetic Pigments

After 10 days of cultivation (adequate period to 
observe visible symptoms of drought stress and expected 
positive effects of silicon), plants were harvested and 
separated into roots and shoots and their lengths and 
fresh weights were measured. Photosynthetic pigments 
were extracted with 80% acetone. The absorbance of the 
obtained extracts was recorded at 470, 647, and 663 nm 
and the concentrations of total chlorophyll (chlorophyll  
a + chlorophyll b) and carotenoids were calculated using 
Lichtenthaler [14] equations. 

Determination of Malondialdehyde (MDA), 
Soluble Carbohydrates and Nitrate

The concentration of MDA was determined 
by the thiobarbituric acid test. Leaves sample was 
homogenized in an ice bath with 5.0 mL of 0.1% (w/v) 
trichloroacetic acid. After centrifugation (12000 g,  
15 min at 4ºC) in obtained supernatant MDA 
concentration was determined according to the 
method of Heath and Packer [15]. The water-soluble 

carbohydrates and nitrate were extracted with distilled 
water at 100ºC for 30 min and then were determined 
spectrophotometrically, sugar according to by the 
Nelson method [16], and nitrate according to Cataldo et 
al. [17]. 

Determination of Proline

Free amino acids were extracted according to the 
method by Dziągwa-Becker et al. [18]. The fresh plant 
material was treated with liquid nitrogen and extracted 
with LC-MS grade water for 2 min. Homogenates 
were centrifuged and obtained supernatants were 
used for amino acid determination.  The EZ:faast(™) 
Free Amino Acid kit was used and the samples were 
analysed by LC-MS/MS chromatography using a 
Shimadzu Prominence system.

Statistical Analysis

The data for all parameters were statistically 
analysed using the variance analysis and, evaluation of 
significance of the mean values between treatments was 
done through Tukey’s test (P<0.05). 

Results and Discussion

The experiments showed that the drought stress 
applied at both intensities (10 and 15% PEG) caused a 
significant decrease in growth of roots and shoots of 
wheat seedlings and the observed reduction increased 
with a rise in stress severity (Figs 3, 4). The reduction 
in length and fresh weight of plant organs ranged from 
25% to 45% in comparison to control plants. Applying 
silicon considerably improved the growth of wheat, and 

Fig. 4. The influence of severe drought stress (15% PEG) and 
silicic acid (1.5 mM H4SiO4) on growth of 10-day old wheat 
seedlings. Fresh weight (FW) and length of shoots and roots. 
Control treatment was taken as a 100%. Values marked by the 
same letter do not significantly differ.

Fig. 3. The influence of mild drought stress (10% PEG) and 
silicic acid (1.0 mM H4SiO4) on growth of 10-day old wheat 
seedlings. Fresh weight (FW) and length of shoots and roots. 
Control treatment was taken as a 100%. Values marked by the 
same letter do not significantly differ.

Length Length Length Length
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the greatest changes were observed in the shoot fresh 
weight and root length of wheat grown at the higher  
PEG concentration. The increase was 25% and 33% 
for biomass and length, respectively (Fig. 3, 4). There 
are numerous reports that confirm a positive impact 
of exogenously used silicon on growth of plants under 
stress conditions [9, 19, 20, 21]. 

Drought stress caused a significant reduction in total 
chlorophyll content (Chl a + Chl b) and at 15% PEG its 
concentration decreased by nearly 30% compared to 
the control plants (Table 1). Adding silicic acid to the 
nutrient medium augmented chlorophyll concentration 
to the value observed in the control plants. Carotenoids 
content was not lowered under mild water stress (10% 
PEG) but decreased considerably under stronger stress 
(15% PEG). And in this case, applying silicic acid 
considerably increased their concentration. Our results 
are in line with some other reports indicating that silicon 
may positively influence chlorophyll accumulation in 
plants exposed to water stress [10, 22]. 

The water stress resulted in a marked increase 
in a concentration of MDA that had augmented with 
increasing drought stress (Table 1). The mild (10% 
PEG) and sever (15% PEG) drought stresses caused 
37% and 54% increase in MDA content, respectively, 
indicating that oxidative damages occurs. The presence 

of silicic acid in the nutrient medium significantly 
decreased this stress parameter. Different stress factors 
cause oxidative stress, that is manifested by increased 
MDA content [23, 24]. Its concentration may be used as 
an indicator of oxidative damages. The obtained values 
of this parameter show that oxidative damages in wheat 
cells are at moderate level and silicon mitigates this 
effect. Other researchers have also reported a positive 
role of silicon in counteraction of oxidative disruptions 
[21, 23, 24]. However, there are also reports that have 
not found this beneficial effect [25]. 

To uptake and transport water under drought 
conditions plants have to osmotically adjust their 
cells. To do that plants synthesize and accumulate 
some organic compounds so-called osmolytes or 
osmoprotectants. Among the osmolytes, proline is 
very important and fulfils multiple functions including 
osmotic adjustment, radical scavenge, electron sink, 
stabilisation of macromolecules, membranes and a cell 
wall [26]. Our results showed that drought stress caused 
a significant increase in proline content in leaves of 
wheat, and its concentration increased with the severity 
of stress (Table 1). PEG at concentration of 15% caused 
a 78% increase compared to the control plants, and 
applying silicon decreased this increment. However, 
despite this reduction the proline content was maintained 

Treatments Total chlorophyll 
(mg g-1 FW)

Carotenoids 
(mg g-1 FW)

Proline
(µg g-1 FW)

MDA
(nmol g-1 FW)

Control 1.85 b 0.25 b 29.50 a 12.0 a

1 mM Si 1.91 b 0.28 b 28.75 a 11.7 a

10% PEG 1.50 a 0.26 b 42.50 bc 16.4 c

10% PEG + 1 mM Si 1.81b 0.25b 37.50 b 15.0 bc

1.5 mM Si 2.12 c 0.25 b 28.00 a 13.0 ab

15% PEG 1.32 a 0.20 a 52.50 d 18.5 d

15% PEG + 1.5 mM Si 1.84 b 0.25 b 36.25 b 14.2 b

Table 1. The effect of drought stress and silicic acid on photosynthetic pigment concentration and MDA and proline content in leaves of 
10-day old wheat seedlings. Values marked by the same letter do not significantly differ.

Treatments
Soluble carbohydrates (mg g-1 DW) Nitrate (NO3

-) (µmol g-1DW)

Shoots Roots Shoots Roots

Control 14.3 a 18.5 b 1039 c 861 b

1 mM Si 12.9 a 11.3 a 1554 d 847 b

10% PEG 25.0 b 16.5 b 593 ab 512 a

10% PEG + 1 mM Si 22.8 b 14.6 ab 922 c 532 a

1.5 mM Si 13.4 a 14.5 a 1115 c 830 b

15% PEG 26.9 bc 22.6 c 404 a 412 a

15% PEG + 1.5 mM Si 28.2 c 11.6 a 621 b 476 a

Table 2. The effect of drought stress and silicic acid on soluble carbohydrates and nitrate concentration in shoots and roots of 10-day old 
wheat seedlings. Values marked by the same letter do not significantly differ.
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at a level markedly higher than in control plants. Jafari 
et al. [27] found a dramatic increase in proline content 
in cucumber shoots during osmotic stress (15% PEG). 
The enrichment of a solution with silicon (1.5 mM) 
resulted in a decreased accumulation of this amino 
acid by as many as 40%. Similar results were obtained 
in the case of soybean – the decrease numbered 35% 
[28]. In the light of our results and literature data we 
suggest that in wheat seedlings the osmoregulatory role 
of proline is limited, but alternatively may participate in 
the protection of cell components.

Similarly to proline, soluble sugars were also 
accumulated in wheat shoots under drought stress  
(Table 2). The recorded concentration was nearly  
two fold higher than in the control plants. Applying 
silicon did not affect significantly this parameter. 
Roots reaction was different. Mild drought stress 
(10% PEG) did not affect this parameter, whereas 
stronger stress resulted in a 22% increment in the 
soluble sugars content. It is worth to note that applied 
silicic acid caused a considerable reduction in sugars 
concentration and their level was 47% lower than in 
the control plants. Accumulation of soluble sugars 
as a result of different PEG concentration (10, 20, 30 
and 40%) was found by Mohammadkhani and Heidari 
[29] in two maize cultivars. The concentration of 
carbohydrates increased from 1.2 to 1.9 times in roots 
and shoots when the studied varieties were subjected 
to drought stress. Also Sacała and Durbajło [30] found 
that drought stress (10% PEG) caused a 23% increase 
in soluble carbohydrates in maize leaves. In roots 
statistically significant change was not observed. Our 
results showed that in wheat roots a marked increase 
in the content of soluble carbohydrates took place 
only under more severe drought stress (15% PEG). 
A primary source of sugars is photosynthesis, hence 
leaves can respond fast to relatively low water stress, 
while changes in roots occurred under more severe 
water stress. Drought-induced accumulation of soluble 
sugars in plant tissues, may be concerned as a positive 
effect, important for the osmotic adjustment in plants. 
Contrary results were presented by Karmollachaab and 
Gharineh [20] who stated that water deficit reduces 
soluble sugar concentrations in wheat leaves. However, 
applying silicon increased carbohydrates level by 22% 
comparing to control plants.

Drought stress very often disturbs uptake of essential 
nutrients. We demonstrated that nitrate concentration 
in wheat organ was dramatically reduced. Nitrate 
concentration decreased approximately two times 
compared to the control plants (Table 2).  Decrease in 
nitrate content under water stress was also observed 
in other plants [30, 31]. Alternatively, applying silicon 
noticeably improved nitrate supply in wheat shoots, 
and the increase was 50% comparing to plants without 
silicic acid added. Root reaction was different then this 
observed in shoots and silicon supplementation did not 
modify nitrate content nor in plants grown in optimal 
conditions nor in stress conditions.

In general, silicon plays an important role 
in processes associated with photosynthesis, 
osmoregulation, antioxidative defense and nitrate 
distribution in wheat seedlings.

Conclusions

The presented results indicate that silicon has a 
great impact on wheat growth and functioning under  
the optimal and stress conditions. The positive impact 
of silicon on wheat seedlings grown under drought 
stress results from three effects that were found: (1) 
increase in chlorophyll concentration, (2) reduction 
in membranes lipid peroxidation, (3) better supply of 
nitrate in wheat leaves. Application of silicic acid to the 
root medium may be an effective strategy to improve 
the growth and functioning of wheat seedlings exposed 
to drought.  
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