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The most significant crop losses worldwide occur due to unfavorable temperatures such as heat, 

drought, cold, and freezing. Minerals like silicon can play important roles in the growth, 

development, and stress responses of plants. In this study, changes in stem/root length, dry weight, 

relative water content and silicon content, of peas under cold and freezing stress, as well as 

antioxidant system indicators such as proline, malondialdehyde, hydrogen peroxide, and 

chlorophyll levels, ion leakage, and the expressions of genes coding for the topoisomerase TOP2 

and DNA helicase PDH47 enzymes, which play important roles in the replication, transcription, 

and repair of DNA molecules, were examined in root and stem tissues in the presence of two 

different concentrations of silicon. The results of the study showed that silicon application under 

cold and freezing stresses has induced various changes in pea metabolism, including increases in 

cell membrane integrity parameters and superoxide dismutase enzyme activity, as well as increase 

in the expressions of TOP2 and PDH47 genes. These changes have been found to have positive 

effects on the pea cold and freezing tolerance.  
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Introduction 

The abiotic stresses such as high and low temperatures 

and drought are major factors worldwide causing 

significant crop losses in agricultural plants (Jahed et al., 

2023; Jan et al., 2023). Pea (Pisum sativum L.) cultivation 

involves seed planting in late winter or early spring, 

exposing plants to cold and freezing stresses. When these 

stresses coincide with drought during the seed formation 

period, it can lead to the loss of nearly the entire crop 

(Larran et al., 2023). Peas, a significant source of protein 

and carbohydrates, enrich the soil through the Rhizobium 

symbiosis specific to legumes, and due to their ability to 

fix nitrogen. They are annual leguminous plants that 

provide the highest yield per unit area under suitable 

weather conditions and play essential roles in sustainable 

agriculture worldwide (Stagnari et al., 2017). The most 

limiting factors for cultivation on larger expanses globally 

are the cold and drought stresses frequently encountered by 

the plant (Ding & Yang, 2022). 

Although cold and freezing stresses fundamentally 

operate through similar mechanisms, they involve distinct 

components. Cold stress leads to various adverse effects, 

including a decrease in enzyme activities, stiffening of cell 

membranes, destabilization of protein complexes, 

stabilization of RNA secondary structures, accumulation of 

reactive oxygen species, retardation of photosynthesis, and 

leakage in the cell membrane. In advanced stages, cold 

stress can result in cell death (Manasa et al., 2022). The 

primary cause of freezing stress is the formation of ice 

within tissues. For instance, structures with very low water 

content, such as seeds, can maintain their vitality at low 

temperatures without showing signs of damage. Freezing 

stress primarily manifests its harmful effects through 

damage caused by advanced dehydration in cell and 

organelle membranes. The major genetic responses 

triggered during freezing stress involve an increase in the 

expression of CBF genes, which initiate transcriptional 

regulation, and mRNA degradation regulated by small 

RNAs through precursor mRNA cleavage, a post-

transcriptional regulatory mechanism (Chinnusamy et al., 

2007; Sunkar et al., 2007). 

In the conducted studies, the biochemical and genetic 

responses of peas to cold and freezing stress have been 

particularly focused on the plant's photosynthetic 

efficiency and carbon or phosphate compound metabolism 

(Georgieva & Lichtenthaler, 1999; Streb et al., 2003; 

Stupnikova, 2006; Srivastava et al., 2006; Leterrier et al., 

http://creativecommons.org/licenses/by-nc/4.0/
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2007). Recent research has examined and characterized 

some genes with increased expression in the pea genome 

under cold stress conditions (Lucau-Danila et al., 2012). 

Among these genes, TOP2, a topoisomerase involved in 

changing the topology of DNA in all processes associated 

with DNA metabolism such as replication, transcription, 

recombination, and chromosome segregation, and PDH47, 

a helicase enzyme with functions in DNA replication, 

repair, recombination, transcription, ribosome biogenesis, 

and translation initiation, have been identified 

(Hettiarachchi et al., 2005; Vashisht & Tuteja, 2006). 

Among DNA topoisomerases, plant topoisomerases 

constitute the least studied enzyme group when compared 

to bacteria, yeast, and animal systems (Singh et al., 2004). 

Among plants TOP2 gene sequences are known only in 

tobacco, pea and Arabidopsis thaliana (thale cress), which 

is a model plant in Brassicaceae family, for studying plant 

biology and genetics (Hacker et al., 2022). Recent studies 

have revealed that, in addition to its classical functions, the 

enzyme also plays a role in the relationship between DNA 

replication/cell cycle and abiotic stresses. It has been 

demonstrated that gene expression is regulated through 

light signal pathways mediated by phytochrome 

(Hettiarachchi et al., 2003). In another study, the 

expression of the TOP2 gene in peas was increased under 

cold and salt stresses, as well as with applications of the 

phytohormones salicylic acid and ABA (Hettiarachchi et 

al., 2005). 

Helicases, like topoisomerases, also play crucial roles 

in DNA metabolism. Most helicases belong to the DEAD-

box protein family and are involved in fundamental cellular 

processes such as DNA replication, repair, recombination, 

transcription, ribosome biogenesis, and translation 

initiation (Vashisht & Tuteja, 2006). Compared to 

organisms like humans, flies, worms, and yeast, with 

sequenced genomes, the Arabidopsis plant boasts the 

highest number of DEAD-box RNA helicase genes, 

exceeding 50 (Boudet et al., 2001). In plants, the presence 

of DEAD-box helicase genes whose expression is 

regulated by cold and their involvement in stress signal 

transduction were first reported in Arabidopsis (Seki et al., 

2001). 

In peas, a DEAD-box DNA helicase gene named 

PDH47 has been characterized, showing 93% similarity to 

the translation initiation factor eIF4A protein in tobacco. 

The exact function of helicases under stress conditions is 

not fully known, but it is believed that they regulate some 

stress-induced metabolic pathways by activating 

transcription factors, interact with topoisomerases, play 

regulatory roles in transcription and translation after being 

phosphorylated by protein kinases, and may have functions 

in the repair of damaged DNA/RNA molecules (Vashisht 

& Tuteja, 2006). The expression of the pea DEAD-box 

DNA helicase 47 gene has been found to significantly 

increase in stems and roots under salt and cold stress, but 

the gene did not respond to heat stress (Vashisht et al., 

2005). 

In recent years, silicon has been identified as one of the 

substances that have positive effects on the development of 

tolerance in plants under stress conditions (Tayade et al., 

2022). Silicon ranks second among the most abundant 

elements in the Earth's crust (Raza et al., 2023). Plants 

obtain silicon from the soil through their roots in the form 

of monomeric molecule silicic acid [Si(OH)4] when the pH 

is below 9 (Mandlik et al., 2020). Transportation of B from 

soil to plant roots takes place via passive diffusion as well 

as boron transporters NIP5;1 and BOR1, in addition to 

aquaporin proteins, which take role in transport of B across 

the plasma membranes (Takano et al. 2005; Fitzpatrick and 

Reid 2009). Silicon is not listed among the essential 

elements for plant development, and it is not present in 

nutrient media used in plant tissue cultures. This is because 

plants do not require this element for growth under 

optimum conditions (Epstein, 2009). However, recent 

studies have revealed the vital roles of silicon in the 

presence of biotic and abiotic stresses (Thakur et al., 2023; 

Shanmugaiah et al., 2023). 

For example, the accumulation of silicon in roots 

reduces apoplastic bypass flow and provides binding sites 

for metals (Mostafa et al., 2021). Silicon reduces the uptake 

of toxic metals and salts into cells and their transmission 

from roots to stems, by competing selectively with 

transporter proteins (Mir et al., 2022). Silicon 

accumulation in leaves and stems helps strengthen cell 

walls and has a hardening effect, which protects the plants 

against strong winds and heavy rain (Collin et al., 2014; 

Zargar et al., 2019). A recent study used RNA sequencing 

analysis to reveal that silicon regulates the biosynthesis of 

alkaloids and flavonoids, helps maintenance of cellular 

redox homeostasis and osmotic adjustments, and promotes 

the deposition of complex carbohydrates in the cell wall 

(Biju et al., 2023). Additionally, silicon accumulation in 

leaves was shown to decrease transpiration in the cuticle, 

thereby enhancing resistance to low and high temperatures, 

drought stress, radiation, and UV stress in plants (Islam et 

al., 2020). The beneficial effects of silicon are found more 

pronounced in stem tissues (Ma & Yamaji, 2006). 

It has been suggested that silicon stimulates the 

formation of defense components under stress and has 

affinities with some organic compounds (Bakhat et al., 

2018). The resistance-enhancing effects of silicon under 

various stresses have also been demonstrated in various 

plants in recent studies. For example, in the powdery 

mildew-infected Arabidopsis plants, silicon induced the 

differential expression of various genes, while its presence 

did not affect gene expression in non-infected plants 

(Fauteux et al., 2006). In pea plants, silicon increased the 

production of chitinase and glucanase enzymes in tissues 

infected with leaf spot pathogenic fungi and accumulated 

significantly in the leaves (Dann & Muir, 2002). 

Silicon has also shown its positive effects in cucumber, 

tomato, and canola plants under salt stress, reducing tissue 

reactive oxygen levels and increasing antioxidant system 

activity (Zhu et al., 2004; Al-Aghabary et al., 2005; 

Hasanuzzaman et al., 2018). Under cold stress, wheat, 

maize, and barley responded to silicon applications mainly 

by activating enzymatic and non-enzymatic antioxidant 

system components, increasing tissue water content, and 

significantly enhancing cold resistance (Liang et al., 2008; 

Moradtalab et al., 2018; Joudmand & Hajiboland, 2019). 

In a study where the Lsi1 gene responsible for transporting 

silicon to roots was overexpressed, rice plants showed cold 

resistance by maintaining osmotic balance, increasing 

calcium storage, and proline production (Xie et al., 2022). 
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Studies on silicon applications in pea plants mostly 

focused on the development and responses of peas under 

salinity and heavy metal stress. In these studies, silicon 

application has been found to enhance the main enzymatic 

and non-enzymatic antioxidant defense systems in peas, 

providing stress tolerance (Batool et al., 2022; El-Okkiah et 

al., 2022; Ismail et al., 2022; Oliveira et al., 2020; Rahman 

et al., 2017; Cruzado-Tafur et al., 2023; Salman et al., 2023). 

To our knowledge, there is no information on the 

damage to the cell membrane in peas under cold stress and 

silicon application, as well as chlorophyll content, 

hydrogen peroxide (H2O2), and proline levels, and the 

enzymatic defense initiated by the superoxide dismutase 

(SOD) enzyme activity, which converts superoxide 

radicals to H2O2. In the scope of this study, various 

physiological and genetic responses of peas under cold and 

freezing stress were examined comparatively. Parameters 

such as stem/root length, dry/fresh weight, relative water 

content, proline, malondialdehyde, hydrogen peroxide 

contents, chlorophyll levels, ion leakage, and activities of 

the SOD enzyme, indicators of the antioxidant system, 

were investigated. Furthermore, gene expressions of a 

topoisomerase TOP2, which plays important roles in the 

replication, transcription, and repair of DNA, and PDH47, 

a DEAD-box DNA helicase gene, were examined in leaf 

tissues under cold and freezing stress in the presence of 

silicon. Thereby, the physiological and genetic responses 

of peas under cold and freezing stresses were analyzed 

comparatively, potential tolerance mechanisms were 

identified, and the role of silicon in regulating gene 

expressions and interacting with proline and SOD 

metabolic pathways were evaluated for potential 

agricultural applications. 

 

Materials and Methods 

 

In this study, the pea variety Emerald, developed and 

registered by Istanbul Seed Company was used. 

 

Cold Stress Applications 

Pea seeds were sterilized with a 2% sodium 

hypochlorite solution to prevent seed derived 

contamination in hydroponics solution. The lowest sodium 

hypochlorite concentration that ensured sterility without 

reducing germination rate was determined as 2%, as a 

result of our preliminary experiments on pea. The seeds 

were germinated in 200 ml polypropylene containers 

containing sterile perlite, with three seeds each, and 

irrigated with ½ Hoagland solution (Hoagland & Arnon, 

1950) every three days. The seedling development 

continued for 15 days in a plant growth chamber (Nuve GC 

400, Turkey) with a 16-hour light/8-hour dark cycle, at 

23°C, and 50% humidity, to imitate long days of late spring 

and early summer. Cold stress was applied by lowering the 

temperature to 4°C after 15 days, and samples for analysis 

were collected on the 1st and 4th days of cold stress (24 

hours and 96 hours after the initiation of cold stress). 

Freezing stress was induced by lowering the temperature 

to -0.5°C, and samples were collected during the same 

periods as cold stress. Plants treated with silicon dioxide 

(at concentrations of 1 and 2 mM) were germinated by 

irrigating with ½ Hoagland solution containing silicon 

dioxide of the specified concentrations as soon as they 

were placed on perlite. The concentration of silicon dioxide 

was determined based on previous hydroponic studies in 

plant-silicon literature (Parveen & Ashraf 2010; Zhang et 

al., 2011). Cold and freezing stresses, as well as sample 

collection periods, were applied as described above. 

Control plants kept under normal conditions spent an 

additional 1 and 4 days in the same environment after the 

15-day germination period, ensuring that they experienced 

the same duration as the stressed plants in the culture 

environments. 

All treatments were performed in triplicate, with each 

replicate consisting of four polypropylene containers 

containing three seeds each. This resulted in 12 pea 

seedlings prepared per treatment, and with replicates, there 

were a total of 36 seedlings for each treatment.  

 

Determination of Stem/Root Length and Relative 

Water Content 

After completing 15 days of development, plants 

subjected to stress with or without the presence of silicon 

dioxide, along with control plants, were uprooted from 

perlite, washed under tap water, and root and stem lengths 

were determined. Root and stem tissues were separated, 

weighed, and after drying at 60°C for 48 hours, weighed 

again to determine dry weights. Relative water content 

(RWC) was calculated according to the formula RWC(%) 

= (Fresh weight - Dry weight) / (Turgid weight - Dry 

weight) X 100, from Smart and Bingham (1974). Turgid 

weight was calculated by soaking tissues in distilled water 

at room temperature for 24 hours. 

 

Determination of Proline Content 

The determination of proline content started with the 

homogenization of 0.3 g leaf samples in liquid nitrogen, 

followed by dissolution in 1 ml of 3% sulfosalicylic acid 

(Bates et al., 1973). Then, 0.1 ml of the sample, after 

centrifugation, was mixed with 0.2 ml acid ninhydrin, 0.2 

ml of 96% acetic acid, and 0.1 ml of 3% sulfosalicylic acid. 

The mixtures were held at 96°C for 1 hour, and after 

centrifugation and mixing with 1 ml of toluene, the 

absorbance of the upper phase was read at 520 nm. 

 

Determination of Hydrogen Peroxide Content 

The amounts to be determined according to Bergmeyer 

(2012) started with the liquid nitrogen homogenization of 

0.5 g leaf tissue and dissolution in 1.5 ml of 100 mM 

potassium phosphate buffer (pH 6.8). In the samples where 

0.25 ml of supernatant was collected after centrifugation, 

the enzymatic reaction was initiated by mixing with 1.25 

ml peroxidase solution (83 mM potassium phosphate 

buffer, pH 7.0, 0.005% (w/v) o-dianisidine, 40 µg 

peroxidase/ml) at 30°C. After 10 minutes, the reaction was 

stopped by adding 0.25 ml of 1 N perchloric acid, and the 

absorbance of the supernatant was measured at 436 nm 

after centrifugation. 

 

Determination of Malondialdehyde (MDA) Content 

The determination of MDA content for assessing cell 

membrane damage followed the Ohkawa et al. (1979) 

method. The homogenization of 0.2 g leaf tissue in liquid 

nitrogen was followed by adding 1 ml of 5% trichloroacetic 

acid (TCA). After centrifugation, the same volume of 20% 

TCA containing 0.5% thiobarbituric acid (TBA) was added, 
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and the mixture was kept at 96°C for 25 minutes. The 

samples were cooled on ice, and the absorbance was read at 

532 nm. Non-specific absorbance at 600 nm was determined 

and subtracted from the initial absorbance value. 

 

Ion Leakage 

Ion leakage, determined according to the method of 

Nanjo et al. (1999), involved shaking six leaves in 15 ml 

tubes containing 5 ml of 0.4 M mannitol. Electrical 

conductivity was recorded as C1 using a Mettler Toledo 

MPC 227 conductivity meter. After boiling for 15 minutes 

and cooling the samples to room temperature, C2 readings 

were taken, and the leakage-related conductivity was 

calculated using the formula [(C1/C2) X 100]. 

 

Determination of Chlorophyll Content 

Chlorophyll amounts were determined using the 

method of Lichtenthaler and Wellburn (1983). This 

involved the liquid nitrogen homogenization of 3 g leaf 

tissue, centrifugation, and determination of the supernatant 

at different absorbance values. Chlorophyll a (mg/L) and 

chlorophyll b (mg/L) were calculated using the following 

formulas: 

• Chlorophyll a (mg/L) = 15.65 Abs666 – 7.340 Abs653 

• Chlorophyll b (mg/L) = 27.05 Abs653 – 11.21 Abs666 

 

Determination of Superoxide Dismutase (SOD) 

Enzyme Activities 

Enzyme activities were determined according to the method 

of Beauchamp and Fridovich (1971). The homogenization of 

0.2 g leaf samples in a glass-glass homogenizer mixed with 

homogenization buffer on ice was followed by centrifugation, 

and the supernatant was stored at -80°C until use. The protein 

content of the extracts was determined by the Bradford (1976) 

method. A native polyacrylamide gel consisting of a separation 

part and stacking part with a 30% (29:1) acrylamide-bis solution 

was prepared for use in a Bio-Rad midi gel apparatus. After 

loading the samples, electrophoresis was conducted at 8 V/cm, 

monitoring the tracking dye. Subsequently, the gel apparatus 

was disassembled, and for the determination of different 

isozymes of the SOD enzyme, first KCN and hydrogen 

peroxide were applied, and then negative activity staining with 

NBT was performed to visualize the enzyme isozyme bands. 

 

Determination of Gene Expressions for TOP2 and 

PDH47 Genes 

The mRNA sequences of the TOP2 and PDH47 genes 

with GenBank accession numbers Y14559.1 and 

AY167670.1 were obtained from the National Center For 

Biotechnology Information (NCBI) database. The expression 

at the transcription level of these genes was investigated using 

the semi-quantitative reverse-transcription PCR (RT-PCR) 

technique. The pea actin gene with the GenBank accession 

number X68649.1 was used as an internal control. 

 

RNA Isolation and Reverse Transcription PCR (RT-PCR) 

RNA isolation from pea leaves was performed using 

Qiagen RNeasy plant mini kits based on guanidine-

isothiocyanate lysis and silica-membrane purification 

methods. The quantity of the obtained total RNAs was 

determined spectrophotometrically, and their quality was 

assessed by separating and visualizing them with 2% 

agarose gel electrophoresis. cDNA libraries were created 

using the Thermo First Strand cDNA Synthesis Kit 

(Thermo, USA) from the obtained RNA molecules. From 

this library, the TOP2 and PDH47 genes with NCBI 

accession numbers Y14559.1 and AY167670.1 were 

amplified by PCR using primers designed with the 

PrimerPremier 5.0 program from CA, USA, providing the 

most suitable conditions for amplification. The obtained 

bands were separated on a 0.8% agarose gel and visualized 

using the Biolab UV Tech gel imaging system. The bands 

were analyzed numerically using the ImageJ software 

developed by the National Institute of Health (NIH, USA) 

to determine differences in gene expression levels. 

 

Statistical Analyses 

The data obtained in the study were evaluated using the 

SPSS 16.0 program. Differences between applications 

were determined by comparing means with the One Way 

Anova and Tukey Test. 

 

Results and Discussion 

 

Pea plants exposed to cold and freezing stresses 

exhibited different morphological features depending on 

the presence of silicon in the environment, and the water-

holding capacity of leaves also changed (Table 1). The 

stem length of the plants decreased with the intensity of 

stress on the 4th day, while the presence of silicon did not 

help length recovery. Root lengths did not respond to the 

presence of stress or silicon, except showing significant 

increases upon silicon applications under normal growth 

conditions. 

The only treatment altering the relative water content 

compared to control plants is the 4-day freezing stress 

application. Under this treatment, the leaf water holding 

capacity of control plants decreased; however, both 

concentrations of silicon significantly increased water 

holding capacity. The application that most notably 

affected water holding capacity was 2mM silicon, showing 

a 15% increase compared to the control. The dry weights 

of stems and roots varied between 0.27-0.32g and 0.19-

0.25g, respectively, under different treatments, but none of 

the applications had a significant effect on tissue dry 

weights. Therefore, these results have not been included in 

the Table 1. 

Low ion leakage levels, an indicator of cell integrity, 

demonstrated that tissues under silicon applications 

suffered less damage compared to the control in both root 

and stem tissues and at all applied temperature values 

(Table 2). While similar decreases were observed under all 

treatments, statistically significant decreases in ion leakage 

were determined as follows: in 1-day stem tissues under 

normal conditions with 1mM silicon application, in 4-day 

stem tissues under normal conditions with 2mM silicon 

application, in stem tissues after 1-day cold stress 

compared to the control under all applications, in stem 

tissues after 4-day freezing stress compared to the control 

under all applications, and in stem tissues under 1mM 

silicon application during 1-day freezing stress. A similar 

situation was observed in root tissues, and statistically 

significant decreases were determined in 1-day cold stress 

with 1mM silicon application, in 1-day freezing stress with 

2mM silicon application, and 4-day freezing stress 

compared to the control under all silicon applications. 
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Table 1. Plant morphological responses and leaf relative water content (RWC). 

Treatments Relative Water Content (%) Shoot Lenght (cm) Root Lenght (cm) 

1st day of stress 

C* 99 ± 0.7 5.74 ± 0.22 8.36 ± 0.44a 

S1 99 ± 1.2 5.97 ± 0.40 10.04 ± 0.42b 

S2 100 ± 0.7 6.51 ± 0.32 11.14 ± 0.69b 

C st4** 99 ± 1.1 5.21 ± 0.24 8.69 ± 0.58 

S1 st4 100 ± 0.3 6.50 ± 0.21 9.68 ± 0.37 

S2 st4 96 ± 0.4 6.32 ± 0.51 9.71 ± 0.40 

C st- 99 ± 0.7 4.40 ± 0.25 8.92 ± 0.48 

S1 st- 100 ± 0.6 4.51 ± 0.23 8.91 ± 0.20 

S2 st- 99 ± 1.3 4.91 ± 0.21 8.03 ± 0.37 

4th day of stress 

C 95 ± 1.2 7.35 ± 0.46 9.72 ± 0.2a 

S1 100 ± 0.7 7.72 ± 0.29 10.77 ± 0.27b 

S2 100 ± 0.3 7.62 ± 0. 32 11.00 ± 0.31b 

C st4 100 ± 0.5 5.32 ± 0.27 7.61 ± 0.34 

S1 st4 97 ± 1.6 5.23 ± 0.16 8.41 ± 0.30 

S2 st4 100 ± 0.9 5.20 ± 0.35 8.47 ± 0.46 

C st- 66 ± 1.8a 4.88 ± 0.44 9.28 ± 0.51 

S1 st- 73 ± 1.9b 5.46 ± 0.53 10.02 ± 0.64 

S2 st- 81 ± 1.2b 4.61 ± 0.45 8.98 ± 0.39 
*C, S1 and S2 represent plants irrigated with Hoagland solution containing 0mM, 1mM and 2mM silicon in nutrient media, respectively. ** The 

abbreviations next to the treatments; st4 represents cold stress applied at 4°C, and st- represents freezing stress applied at -0.5°C; The letters at the 
bottom right of the results indicate statistically significant differences (p≤0.05) compared to the respective control. No significant difference is present 

where no letter was indicated within the treatment groups (C. S1. S2). 

 

Table 2. Ion leakage. malondialdehyde (MDA) and hydrogen peroxide (H2O2) levels in silicone-applied pea tissues under 

cold and freezing stress and normal conditions. 

Treatments 
Ion Leakage 

(%) 

Malondialdehyde Content 

(nmol/g) 

H2O2 Content 

(nmol/g) 

1st day of stress 

 Shoot Root Shoot Root Shoot Root 

C* 21.16 ± 1.97a 40.07 ± 2.96 0.019 ± 0.001 0.012± 0,001a 0.26 ± 0.03a 0.37 ± 0.04a 

S1 15.03 ± 0.56b 35.51 ± 2.67 0.018 ± 0.000 0.009 ± 0.000a 0.10 ± 0.02b 0.31 ± 0.04b 

S2 17.57 ± 1.92a 32.30 ± 2.89 0.018 ± 0.002 0.008 ± 0.001b 0.12 ± 0.01b 0.23 ± 0.02b 

C st4** 19.58 ± 1.26a 31.36 ± 3.30a 0.020 ± 0.002 0.014 ± 0.001 0.46 ± 0.07a 0.49 ± 0.04a 

S1 st4 15.6 ± 0.97b 23.14 ± 1.32b 0.021 ± 0.002 0.013 ± 0.000 0.21 ± 0.03b 0.29 ± 0.01b 

S2 st4 14.26 ± 1.08b 27.15 ± 2.86a 0.021 ± 0.001 0.013 ± 0.001 0.24 ± 0.03b 0.22 ± 0.00b 

C st- 17.34 ± 1.94a 16.88 ± 1.40a 0.018 ± 0.001a 0.018 ± 0.002a 0.37 ± 0.02 0.50 ± 0.06a 

S1 st- 13.06 ± 0.64b 13.84 ± 0.56a 0.018 ± 0.001a 0.013 ± 0.000b 0.30 ± 0.04 0.30 ± 0.04b 

S2 st- 13.81 ± 1.73a 10.90 ± 0.83b 0.012 ± 0.002b 0.012 ± 0.001b 0.29 ± 0.02 0.20 ± 0.03b 

4th day of stress 

 Shoot Root Shoot Root Shoot Root 

C 25.66 ± 3.21a 34.07 ± 3.79 0.018 ± 0.002 0.010 ± 0.000 0.32 ± 0.02a 0.49 ± 0.04a 

S1 22.82 ± 2.75a 31.42 ± 2.76 0.015 ± 0.001 0.008 ± 0.000 0.25 ± 0.02b 0.38 ± 0.03b 

S2 18.73 ± 2.06b 27.82 ± 2.16 0.015 ± 0.001 0.008 ± 0.000 0.24 ± 0.02b 0.24 ± 0.01b 

C st4 23.45 ± 2.22 37.33 ± 2.73 0.021 ± 0.001 0.018 ± 0.001a 0.45 ± 0.03a 0.51 ± 0.03a 

S1 st4 22.46 ± 1.78 37.3 ± 3.18 0.021 ± 0.002 0.013 ± 0.001b 0.32 ± 0.01b 0.33 ± 0.01b 

S2 st4 23.26 ± 2.74 36.22 ± 2.41 0.019 ± 0.001 0.013 ± 0.000b 0.18 ± 0.02b 0.39 ± 0.03b 

C st- 20.12 ± 1.79a 24.20 ± 1.46a 0.014 ± 0.000 0.012 ± 0.001a 0.25 ± 0.03a 0.68 ± 0.05a 

S1 st- 13.59 ± 1.04b 20.03 ± 1.83b 0.012 ± 0.002 0.012 ± 0.001a 0.20 ± 0.00b 0.47 ± 0.02b 

S2 st- 11.75 ± 1.00b 17.25 ± 0.69b 0.012 ± 0.001 0.007 ± 0.000b 0.20 ± 0.01b 0.31 ± 0.02b 
*C, S1 and S2 represent plants irrigated with Hoagland solution containing 0mM, 1mM and 2mM silicon in nutrient media, respectively. ** The 

abbreviations next to the treatments; st4 represents cold stress applied at 4°C, and st- represents freezing stress applied at -0.5°C; The letters at the 
bottom right of the results indicate statistically significant differences (p≤0.05) compared to the respective control. No significant difference is present 

where no letter was indicated within the treatment groups (C. S1. S2). 

 

MDA levels, an indicator of cell membrane damage, 

showed a decrease in stem tissues on the 1st day of freezing 

stress with 2mM silicon application compared to the 

control. MDA levels, which remained the same under all 

treatments under normal conditions, exhibited significant 

decreases, especially in root tissues, with silicon 

application under cold stress. When root tissues were 

examined, it was observed that even under normal 

conditions, the 2mM silicon application reduced tissue 

MDA levels, and under 4-day cold stress, silicon 
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applications effectively reduced MDA levels. Under 

freezing stress, a 1-day application with two different 

silicon concentrations and a 4-day application with 2mM 

silicon reduced MDA levels in root tissues. 

Even without any stress application, silicon 

concentrations on the 1st day in pea tissues kept hydrogen 

peroxide levels lower than in other tissues. During the 4-

day culture stage, tissue hydrogen peroxide levels 

remained low at all silicon concentrations. Under cold 

stress, all silicon concentrations effectively reduced 

hydrogen peroxide levels in both root and stem tissues. 

Under freezing stress, silicon applications had a level-

reducing effect on stem tissues for the 4-day duration, 

while in root tissues, silicon concentrations reduced 

hydrogen peroxide levels compared to other applications 

under all stress durations. 

On the first day of cold stress, chlorophyll levels 

increased compared to applications without cold stress, 

while under freezing stress, they decreased both under 

normal conditions and compared to cold stress (Table 4). 

Silicon applications did not alter chlorophyll levels in 

tissues under any stress condition. Osmoprotectant proline 

levels, which play a role in stress resistance, remained 

lower in stem tissues even under 1-day normal conditions 

with silicon applications compared to the control, with no 

significant differences observed among applications in root 

tissues. Both in root and stem tissues, silicon 

concentrations under 1 and 4 days of cold stress caused a 

significant decrease in proline levels. Under freezing 

stress, silicon applications reduced proline levels in both 

stem and root tissues. 

 

Table 3. Chlorophyll a, chlorophyll b and proline levels in silicone-applied pea tissues under cold and freezing stress and 

normal conditions. 

Treatments 
Chlorophyll Content 

(µg/g) 

Proline Content 

(nmol/g) 

1st day of stress 

 Ca Cb Shoot Root 

C* 15.17 ± 1.87 9.05 ± 1.02 188.66 ± 13.21a 73.20 ± 6.71 

S1 14.70 ± 1.65 9.03 ± 0.08 138.32 ± 13.75b 74.74 ± 6.64 

S2 15.86 ± 1.24 9.31 ± 0.07 147.42 ± 12.02b 81.70 ± 7.20 

C st4** 18.68 ± 1.89 11.50 ± 1.23 463.40 ±16.21a 102.31 ± 9.89a 

S1 st4 19.59 ± 2.22 11.71 ± 1.12 189.00 ±13.89b 75.26 ± 7.23b 

S2 st4 18.95 ± 1.98 11.60 ± 1.06 173.71 ± 14.15b 62.11 ± 5.36b 

K st- 8.22 ± 1.12 7.83 ± 0.07 208.59 ± 14.33a 149.14 ± 13.15a 

S1 st- 8.23 ± 0.08 7.47 ± 0.06 194.59 ± 12.86a 82.47 ± 13.11b 

S2 st- 7.99 ± 0.09 7.21 ± 0.08 132.47 ± 13.42b 85.05 ± 12.78b 

4th day of stress 

 Ca Cb Shoot Root 

C 19.35 ± 1.43 11.80 ± 1.78 145.53 ± 12.99 73.54 ± 9.29 

S1 19.15 ± 2.13 11.45 ± 0.87 142.84 ± 13.21 70.10 ± 6.14 

S2 20.27 ± 1.29 11.02 ± 1.03 140.52 ± 12.93 69.93 ± 5.96 

C st4 19.32 ± 2.06 11.31 ± 1.33 418.30 ± 17.32a 106.96 ± 11.69a 

S1 st4 19.62 ± 1.92 11.58 ± 1.85 248.97 ± 14.66b 76.80 ± 5.12b 

S2 st4 20.69 ± 1.69 12.56 ± 1.98 202.58 ± 13.51b 85.05 ± 6.60b 

C st- 8.34 ± 0.34 8.69 ± 0.60 274.23 ± 14.47a 99.48 ± 8.34 

S1 st- 9.01 ± 1.08 7.64 ± 0.71 163.40 ± 13.95b 87.29 ± 8.03 

S2 st- 8.68 ± 0.44 7.70 ± 0.63 192.78 ± 12.38b 86.08 ± 7.72 
*C, S1 and S2 represent plants irrigated with Hoagland solution containing 0mM, 1mM and 2mM silicon in nutrient media, respectively. ** The 
abbreviations next to the treatments; st4 represents cold stress applied at 4°C, and st- represents freezing stress applied at -0.5°C; The letters at the 

bottom right of the results indicate statistically significant differences (p≤0.05) compared to the respective control. No significant difference is present 

where no letter was indicated within the treatment groups (C. S1. S2). 

 

Table 4. Silicon accumulation in stem and root tissues under normal conditions with cold and freezing stress. 

Treatments 

Amount of Silicon (mg/kg dry weight) 

1st day of stress 4th day of stress 

Shoot Root Shoot Root 

S1 257.5 ± 7.52a 264.8 ± 2.85a 327.2 ± 1.86a, b 1430 ± 35.8a 

S2 359.9 ± 4.17b 550.2 ± 36.42c 470.9 ± 14.61c 1455 ± 24a 

S1 st4* 282.7 ± 7.15a 633 ± 21.22d 346.1 ± 10.49a, b 1782 ± 21.54b 

S2 st4 339.5 ± 32.75b 809 ± 17.19e 523.8 ± 12.50d 1809 ± 39.41b 

S1 st- 279.2 ± 12.77a 408.1 ± 6.98b 320.8 ±  0.58a 916.1 ± 40.86c 

S2 st- 338.2 ± 15.38b 573.8 ± 12.25c 347.4 ± 7.05b 1258 ± 40.6d 
*C, S1 and S2 represent plants irrigated with Hoagland solution containing 0mM, 1mM and 2mM silicon in nutrient media, respectively. ** The 

abbreviations next to the treatments; st4 represents cold stress applied at 4°C, and st- represents freezing stress applied at -0.5°C; Different letters at the 
bottom right of the results indicate statistically significant differences (p≤0.05) compared to the respective control in the same column. 
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Figure 1. Total SOD enzyme activity of shoot and root tissues under different silicon and stress applications 

 

 
Figure 2. The colors of Si treatments should be black, dark gray and light gray as other graphs 
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SOD isoenzyme activity was examined using the non-

denaturing PAGE method. While three different 

isoenzyme activities were observed in leaves, one or two 

different isoenzyme activities were observed in roots under 

different treatments. The isoenzyme types were determined 

to be Cu/ZnSOD and MnSOD using KCN and H2O2. 

Isoenzyme activities were determined by examining band 

thicknesses formed under different treatments, and it was 

observed that different isoenzyme activities could appear 

in different tissues under different temperature 

applications. For example, MnSOD and CuZnSOD1 

activities were observed in roots only under freezing stress, 

CuZnSOD2 isoenzyme activity was observed on the 1st 

day under all temperature applications, and on the 4th day, 

it was only evident in root tissues under cold stress. In stem 

tissues, the activities of all three SOD isoenzymes were 

observed under every condition. In root tissues, the 

application of 1mM silicon on the 4th day of cold and 

freezing stress increased the activity of the SOD enzyme 

(CuZnSOD2). 

In stem tissues, on the 1st day under normal conditions, 

SOD activity belonging to three different isoenzymes 

increased in all applications compared to the control, while 

under normal conditions on the 4th day, the same 

applications decreased all isoenzyme activities compared 

to the control (Figure 1). Under cold stress on the 1st day, two 

different silicon concentrations increased SOD enzyme 

activity in stem tissues. On the fourth day of cold stress, under 

2mM silicon applications, the activity in stem tissues 

increased. Under freezing stress, all applications increased 

total SOD activity in the form of CuZnSOD2 in the stem on 

both the 1st and 4th stress days, and 1mM silicon increased all 

isoenzyme activities on the 4th stress day. 

Among the genes examined for expression levels under 

stress conditions and various substance applications in the 

study, TOP2, exhibited expression only in stem tissues 

under 1-day cold stress, and its expression increased with 

silicon applications (Figure 2). The TOP2 gene activity 

was observed in root tissues for every application, and its 

expression intensity increased in the presence of silicon in 

all applications, including normal conditions on the 1st 

day, and on the 4th stress day, both under normal 

conditions and cold stress. 

In the absence of any treatments, the PDH47 gene 

expression in pea roots was more intense compared to 

stems (Figure 2). PDH47 gene expression increased in all 

treatments, with an increase in all concentrations of silicon 

present in the environment. Although the expression of 

PDH47 in root tissues was not as intense as in stem tissues, 

it increased in response to all silicon applications except 

for the 4th freezing stress day. The expression of the 

PDH47 gene in stem tissues increased under cold stress, 

with a decrease observed only on the 4th day under 

freezing stress compared to the control. PDH47 gene 

expression decreased in root tissues under both cold and 

freezing stress. Actin expression decreased under both cold 

and freezing stresses in both root and stem tissues, except 

for the stem tissues on the 4th day under cold stress. 

Elemental silicon analysis in pea tissues was conducted 

using the Perkin Elmer OPTIMA 5300 DY ICP OES 

device, following the EPA 6010 method. As expected, 

silicon uptake into tissues from environments containing 

2mM silicon was greater than those containing 1mM 

silicon (Table 4). The obtained data revealed that silicon 

accumulation in root tissues showed increases up to 

fivefold compared to the stem. These data suggest that 

silicon uptake into cells via silicon carriers is an efficient 

mechanism, but it is not transmitted to the stem at the same 

rate as vascular tissues. The most notable finding from 

elemental analysis was the higher concentration of silicon 

in root tissues under cold stress compared to the control. 

This condition persisted on the 1st day under freezing 

stress, but on the 4th day of freezing stress, silicon uptake 

into cells did not continue at the same pace. 

In summary, under cold and freezing stress, the dry 

weights of pea roots and stems remained unchanged 

independent of cold stress and silicon applications. 

Different temperature applications did not have a 

significant effect on root lengths on the 1st and 4th day of 

stress. Shoot tissue was also not affected on the 1st day of 

stresses, however on the 4th day, stems under cold and 

freezing stress were shorter than those developing under 

normal conditions. Sogarwal et al. (2023) demonstrated 

that exogenous Si application in wheat increased cuticle 

and epidermal layer thickness due to accumulated silicon, 

preventing the harmful effects of drought, heat, and cold 

stress. In the context of this study, root lengths were 

observed to be extended in the presence of silicon under 

normal growth conditions compared to the control; 

however, no significant effect of silicon presence were 

observed in tissue weights and lengths under the 

investigated stress conditions, likely due to stress intensity 

and difference in plant response used in this particular 

study. 

When all indicators of oxidative stress levels were 

compared, it was determined that silicon played an 

important role in preserving cell membrane integrity, 

thereby reducing ion leakage and lipid peroxidation while 

increasing water retention capacity. Additionally, silicon 

significantly reduced hydrogen peroxide levels in tissues, 

lowering the levels of accumulated reactive oxygen species 

in cells. In stressed tissues, especially under cold stress, 

proline levels increased significantly; however, silicon did 

not further increase proline levels under stress conditions. 

Instead the levels decreased under stress upon silicon 

application. Studies conducted on turfgrass and corn plants 

have shown that silicon application increases tissue proline 

levels under cold stress (He et al., 2010; Moradtalab et al., 

2018). In our study, silicon likely contributed to a decrease 

in stress levels by reducing internal reactive oxygen species 

and, consequently, proline levels. This observation 

suggests that different physiological responses may be 

obtained in different plants depending on stress duration 

and dosage. 

The findings of this study indicated that SOD enzyme 

activity, especially on the 1st day of cold stress, showed 

significant increases compared to plants under normal 

conditions, but as stress conditions prolonged or intensified 

in the form of freezing stress, activities in stems decreased. 

Pea seedlings adapted to short periods of low-intensity cold 

stress in stem tissues through enzymatic antioxidant 

defense proteins, but they could not withstand prolonged 

severe cold stress likely due to possible structural and 

functional impairments in defense system components. 

However, SOD enzyme activities continued intensively in 

root tissues under both cold and freezing stress, with 
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significant increases observed in the presence of silicon at 

different enzyme isoform levels. Similar protective effects 

of silicon on SOD enzyme and other enzymatic 

antioxidants have also been observed in studies on 

paspalum turfgrass, rice, corn, and barley (He et al., 2010; 

Azeem et al., 2016; Moradtalab et al., 2018; Joudmand & 

Hajiboland, 2019). 

Under cold and freezing stresses, our examinations 

with silicon applications revealed that TOP2, PDH47, and 

actin gene expressions were activated by stress, indicating 

a response to the presence of silicon in the environment. 

The obtained data suggest that TOP2, which is one of the 

topoisomerase enzyme genes involved in DNA 

metabolism processes such as replication, transcription, 

recombination, and chromosome segregation, starts 

expressing on the first day of cold stress, despite not being 

expressed under normal conditions. This implies that 

TOP2 begins to alter the topology of DNA, potentially 

affecting various stress-related genes and transcription 

factors involved in replication, transcription, 

recombination, and chromosome segregation. 

The presence of silicon in the environment significantly 

increased the expression of TOP2. Hettiarachchi et al. 

(2005) also demonstrated an increase in TOP2 gene 

expression under cold and salt stresses, as well as with 

applications of salicylic acid and ABA from 

phytohormones. The PDH47 gene showed significant 

increases in expression in stem and root tissues under 

salinity and cold stress in peas (Vashisht et al., 2005). 

When the PDH47 gene was transferred to indica rice, the 

plant exhibited resistance features under drought stress, as 

evidenced by increased relative water content with proline 

and reduced internal hydrogen peroxide levels (Singha et 

al., 2020; Singha et al., 2017). Although the reason for the 

increase in TOP2 gene expression under stress, when DNA 

replication and cellular activities decrease, has not been 

fully explained, it has been suggested that it may be related 

to chromatin modeling and the necessity for DNA to adopt 

an appropriate topology for the expression of stress-

regulated genes. 

The data obtained in this study also suggest that the 

expressions of genes involved in ribosome biogenesis, 

transcription, translation, and repair of damaged 

DNA/RNA molecules, which are considered to have 

functions in stress tolerance, can be enhanced by silicon. 

These increases are believed to have positive effects on the 

antioxidative defense system. Silicon applications in pea 

stem tissues also increased the expression of the actin gene, 

which is investigated as an internal control under different 

temperatures. Changes in the expression of the actin 

protein, which structures the intracellular skeleton system, 

indicate that silicon may have protective functions related 

to the skeletal system. 

The results of elemental silicon analysis have revealed 

an increase in the amount of silicon taken up by tissues at 

high silicon concentrations. It has also been found that 

roots contain a higher amount of silicon compared to stems, 

and the transport of silicon into the tissues increases under 

cold stress conditions. These data may explain the 

observed increase in root lengths and unaffected stem 

lengths under normal conditions with silicon application, 

as well as the decrease in malondialdehyde levels, which 

was only observed in roots under cold stress conditions 

with silicon applications. 

 

Conclusions 

 

This study has demonstrated that the applications of 

silicon to pea plants, when externally added to the 

environment in which they are cultivated, have positive 

effects on the cold resistance of plants. The obtained data 

have shown that silicon increases the expressions of TOP2 

and PDH47 genes, which can alter the structure of the 

DNA molecule and facilitate the transcription of genes 

encoding defense enzymes, under both cold and freezing 

stresses. SOD enzyme activity, one of the most important 

enzymes used in combating reactive oxygen species, by 

converting superoxide radicals to hydrogen peroxide, 

increased under stress conditions and in the presence of 

silicon. The observed decrease in tissue hydrogen peroxide 

levels also indicates the active involvement of other 

components of the enzymatic defense system. Therefore, 

within the scope of this study, it can be concluded that 

silicon application under cold and freezing stresses has 

induced various changes in pea metabolism, including, an 

increase in the expressions of TOP2 and PDH47 genes and 

an increase in SOD enzyme activity, which in turn 

decreased tissue hydrogen peroxide levels and increased 

cell membrane integrity. Overall the changes have been 

found to have positive effects on the plants cold and 

freezing stress responses and silicon was determined as a 

potential soil amendment to be used in agricultural 

production.  
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