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Abstract. Phytohormones play a key role in adaptation to stress factors, including low temperature. 
There are data indicating a protective effect of salicylic acid (SA), a phenolic compound, on plants under 
chilling. Previously, it was shown that SA application had a positive effect on antioxidant enzyme activity 
but less data are available about changes in expression of genes encoding antioxidant enzymes. For this 
reason, the effects of exogenous SA on the superoxide dismutase (SOD) activity and Cu/Zn-  SOD and 
Mn-  SOD gene expression in cucumber (Cucumis sativus L.) seedlings under chilling stress (12 °C and 
4 °C) were investigated. An analysis of electrolyte leakage from leaf cells and malondialdehyde (MDA) 
content showed that cucumber seedlings could survive at the temperature of 12 °C, but the temperature 
of 4 °C caused a significant damage. SOD activity in leaves increased gradually for 3 days at 12 °C, 
while at 4 °C, it increased during the first 5 h of exposure with a further decrease. The temperature 
of 12 °C induced accumulation of Cu/Zn-  SOD and Mn-  SOD gene transcripts in leaves, whereas 4 °C 
did not affect gene expression. Exogenous salicylic acid (SA) (100 µM) application reduced the level of 
electrolyte leakage and MDA concentration but increased SOD activity and Cu/Zn-  SOD and Mn-  SOD 
gene expression at both 12 °C and 4 °C. It is suggested, that the protective role of SA under the chilling 
stress is associated with its involvement in the regulation of the antioxidant system of plants, particularly 
the activity of SOD and expression of genes encoding SOD isoforms.
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Влияние экзогенной предобработки салициловой кислотой  
на активность супероксиддисмутазы  
у проростков огурца (Cucumis sativus L.)  
при холодовом стрессе
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Аннотация. Фитогормоны играют ключевую роль в адаптации растений к действию разных 
стресс‑  факторов, в том числе низких температур. Известно, что салициловая кислота (СК) –  
соединение фенольной природы, оказывает проекторное действие на растения в условиях 
гипотермии. Ранее было показано, что обработка СК положительно влияет на активность 
антиоксидантных ферментов, однако наряду с этим практически нет данных об ее влиянии 
на экспрессию генов, кодирующих эти ферменты. Учитывая это, цель даной работы заключалась 
в изучении влияния экзогенной обработки СК на активность супероксиддисмутазы (СОД) 
и экспрессию генов Cu/Zn-  SOD и Mn-  SOD у проростков огурца (Cucumis sativus L.) при холодовом 
стрессе (12 °C and 4 °C). Анализ выхода электролитов из клеток листа и содержания малонового 
диальдегида (МДА) показал, что проростки огурца адаптируются к действию температуры 
12 °C, тогда как температура 4 °C оказывает повреждающее действие. Активность СОД в листьях 
огурца увеличивалась в течение 3 дней при 12 °C, тогда как при температуре 4 °C повышение 
активности СОД наблюдалось через 5 часов от начала воздействия, снижаясь при более длительной 
экспозиции. Кроме того, температура 12 °C приводила к накоплению транскриптов генов Cu/
Zn-  SOD и Mn-  SOD в листьях огурца, в отличие от этого температура 4 °C не оказывала эффекта 
на экспрессию исследуемых генов. Экзогенная предобработка СК (100 мкМ) способствовала 
снижению выхода электролитов, концентрации МДА, а также стимулировала активность СОД 
и повышение экспрессии генов Cu/Zn-  SOD и Mn-  SOD в листьях огурца при действии низких 
температур 12 °C и 4 °C. Предполагается, что защитная роль СК при холодовом стрессе связана 
с ее участием в регуляции активности антиоксидантных ферментов, в частности СОД и экспрессии 
генов, кодирующих изоформы данного фермента.

Ключевые слова: Cucumis sativus, антиоксидантные ферменты, низкая температура, фитогормоны, 
экспрессия генов.
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Introduction

Cucumber (Cucumis sativus L.) is an 
important fruit vegetable belonging to the 
family Cucurbitaceae (Jeffrey, 1980). Cucumber 
is sensitive to low temperatures and suffers 
injuries at temperatures above 0 °C that affect 
the yield and quality of fruits (Lu, Lu, 2020). 
Low temperatures as well as other stresses lead 
to over production of reactive oxygen species 
(ROS) in plants that damage macromolecules 
(proteins, lipids, nucleic acids), which ultimately 
results in oxidative stress (Pal et al., 2013; 
Dumanović et al., 2021). Plants possess very 
efficient enzymatic (superoxide dismutase, 
catalase, glutathione reductase, etc.) and non‑ ‑
enzymatic (ascorbic acid, glutathione, phenolic 
compounds, etc.) antioxidant defense systems 
which work in concert to deal with the cascades of 
uncontrolled oxidation and protect plant cells from 
oxidative damage by scavenging ROS (Carmody 
et al., 2016). Superoxide dismutases (SODs) are 
the key enzymes catalyzing dismutation of the 
superoxide radical into hydrogen peroxide and 
oxygen (Perry et al., 2010; Dinakar et al., 2012; 
Miller, 2012; Dumanović et al., 2021). Based on 
the metal co‑  factor used by the enzyme, SODs are 
classified into three groups: iron SOD (Fe‑  SOD), 
manganese SOD (Mn‑  SOD) and copper‑  zinc SOD 
(Cu/Zn‑  SOD) (Bowler et al., 1994). Mn‑  SOD is 
present in mitochondria and peroxisomes; Cu/
Zn‑  SOD is mainly a cytosolic, mitochondrial 
and plastidic enzyme; Fe‑  SOD has been found 
in the chloroplasts, cytosol, mitochondria and 
peroxisomes (Mittler et al., 2004; Szőllősi, 2014). 
One of the features of plant SOD isozymes is 
the multiplicity of isoforms, the number of 
which is species‑  specific. For instance, leaves 
of cucumber have four isoforms of Mn‑  SOD and 

two isoforms of Cu/Zn‑  SOD, Fe‑  SOD isoforms 
were not observed in this plant (Lee, Lee, 2000).

SOD plays an important role in plant 
adaptation to different stressors by protecting 
cells from ROS accumulation. Previously, it was 
shown that SOD activity in plants increased under 
various stresses, such as water deficit (Zhang et 
al., 2007; Sánchez‑  Rodríguez et al., 2016), salt 
stress (Mandhania et al., 2006; Yan et al., 2016), UV 
radiation (Tang et al., 2010; Inostroza‑  Blancheteau 
et al., 2016), heavy metals (Goswami, Das, 2016), 
high (Asthir et al., 2012; Chen et al., 2014) and low 
temperatures (Fortunato et al., 2010) and others. 
On the other hand, there are data indicating a 
decrease in activity of SOD under stress: heavy 
metals (Dandan et al., 2011), low temperatures 
(Lado et al., 2016), salt stress (Oufdou et al., 2014) 
and so on. This demonstrates the ambiguity of 
the antioxidant system reactions to stress; these 
reactions may vary depending on the duration and 
intensity of stress.

It is well known that phytohormones including 
salicylic acid (SA) play an essential role in plant 
stress tolerance (Hayat et al., 2010; Mir et al., 
2021). Quite a large number of studies suggest 
the involvement of this important signal molecule 
in plant resistance to biotic stresses, whereas the 
information about its role in the tolerance to abiotic 
stress is scarce (Janda, Ruelland, 2015). It has 
been hypothesized that one of the mechanisms 
for building up resistance to abiotic stress is based 
on the SA effect on the antioxidant enzyme activity 
which prevents the development of oxidative stress 
and protects cells against ROS‑induced damage (Pál 
et al., 2013; Yan et al., 2018). However, the effect of 
SA application on the antioxidant enzyme activity, 
particularly SOD, under the stress conditions is 
ambiguous. For instance, both positive and negative 
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effects of exogenous treatments with SA on SOD 
activity in plants were observed under cadmium 
stress (Agami, Mohamed, 2013; Saidi et al., 2013; 
Lopez‑  Orenes et al., 2014) and UV radiation 
(Choudhary, Agrawal, 2014).

The aim of this study was to investigate the 
effects of exogenous salicylic acid on the activity 
of superoxide dismutase and its encoding genes 
(Cu/Zn-  SOD and Mn-  SOD) in cucumber seedlings 
under low temperatures.

Material and methods
Plant materials and treatments

Cucumber (Cucumis sativus L. cv. Zozulya) 
plants were grown on Hoagland nutrient solution 
(pH 6.2–6.4) in the growth chamber for 7 d at the 
air temperature of 22 °C, air relative humidity 
of 60–70 %, photosynthetic photon flux density 
(PPFD) of 180 µmol m‑2s‑1and 14‑h photoperiod. 
At the age of 1 week, seedlings were placed on 
the SA water solution (100 µM) for 24 hours, then 
placed back on Hoagland solution and exposed 
to low temperatures (12 °C or 4 °C) for 72 h. 
Seedlings without the SA pre‑  treatment served 
as the control.

Dry weight (DW) was evaluated after drying 
the leaves to a constant weight at 80 °C.

Analysis of relative electrolyte leakage

Relative electrolyte leakage (REL) was 
measured by the electrical conductivity method 
as described by Luo et al. (2005) with slight 
modifications. Fresh leaves were cut into pieces 
of 0.5 cm2, rinsed with deionised water and put 
into 30 mL of deionised water in a test tube. After 
10‑min infiltration of leaf samples using a vacuum 
pump, the tubes were stored at room temperature 
for 4 h. Initial electrolyte leakage (EL0) was 
measured using a conductometer (HANNA, Italy). 
The tubes were subsequently boiled at 100 °C for 30 
min to release all the electrolytes into the solution, 
cooled to 25 °C and final electrolytic leakage (EL1) 

was measured. REL was calculated according to 
the formula: (EL0/EL1) × 100 and expressed as 
percentage of total conductivity.

Determination of lipid peroxidation

The level of lipid peroxidation was assessed 
by malondialdehyde (MDA) content determined 
by the thiobarbituric acid reaction using the 
Stewart and Bewley method (1980). Cucumber 
leaves (0.1 g) were homogenized with 2 cm3 5 % 
thiobarbituric acid in 20 % trichloroacetic acid 
and centrifuged at 10,000×g for 15 min at 4 °C. 
The mixture was heated at 95 °C in the water bath 
for 30 min, then cooled quickly in the icebath and 
centrifuged at 10,000×g for 5 min. The absorbance 
of the supernatant was measured at 532 nm and 
corrected for non‑  specific turbidity by subtracting 
the absorbance at 600 nm. The MDA content 
was calculated using the extinction coefficient of 
155 mM‑1cm‑1 and expressed as nmol g‑1 FW (fresh 
weight).

Analysis of SOD activity

Leaves of cucumber plants were separated 
from the stem, rapidly weighed (0.3 g fresh weight) 
and crushed with a pestle in an ice‑  cold mortar 
with 3 ml 0.1 M phosphate buffer (pH 7.8). The 
homogenates were centrifuged at 14,000 rpm for 
20 min at 4 °C. SOD (EC 1.15.1.1) activity was 
determined according to Beauchamp and Fridovich 
(1971). One unit of SOD activity was defined as 
the amount of enzyme required to inhibit 50 % of 
photochemical reduction of nitro blue tetrazolium 
(NBT). The reaction mixture (2 ml) contained 
0.1 M K, Na‑  phosphate buffer (pH 7.8), 9.3 mM 
methionine, 152.3 µM NBT, 1.1 μM EDTA, 
2.4 % Triton X‑100, 111.3 µM riboflavin, and 
100 μl of enzyme extract. Riboflavin was added 
last. The tubes were shaken and illuminated at 
180 μmol m‑2 s‑1 for 30 min. The tubes were then 
immediately covered with black cloth and the 
absorbance was measured spectrophotometrically at 
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560 nm. Total leaf soluble proteins were measured 
according to Bradford (1976).

Analysis of genes expression

Frozen leaf tissues were homogenised 
with liquid nitrogen using a mortar and pestle. 
Total RNA was extracted using the TRizol 
reagent (Evrogen, Russia) as instructed by the 
manufacturer. Total RNA was treated with 
RNase‑ free DNase (Syntol, Russia) to remove 
genomic DNA. The purity and concentrations 
of RNA samples were determined 
spectrophotometrically (NanoPhotometer C 40, 
IMPLEN, Germany), and the resultant A260/
A280 ratios were within 1.8–2.0. One μg of total 
RNA was reverse‑ transcribed using the MMLV 
RT kit (Evrogen, Russia) following the supplier’s 
recommendations. A quantitative real‑ time PCR 
was performed using the CFX96 Real‑ time 
System with the C 1000 Touch Thermal Cycler 
(Bio‑ Rad, USA). PCRs were performed using 
the SYBR Green PCR kit (Evrogen, Russia). 
The PCR procedure consisted of denaturation 
at 95 °C for 5 min, followed by 40 cycles of 
denaturation at 95 °C for 15 s, annealing at 
56 °C for 40 s and extension at 72 °C for 45 s. A 
dissociation curve was generated at the end of 
each PCR cycle to verify that a single product 
was amplified using the software with the 
iCycler iQ Real‑ time PCR Detection System. To 
minimize sample variations, mRNA expression 
of the target gene was normalized relative to the 
expression of the housekeeping gene encoding 
actin. The mRNA levels of target genes (Cu/
Zn- SOD and MnSOD) were quantified in 
comparison to the control by 2‑ΔΔCt (Livak, 
Schmittgen, 2001). PCR primers of Cu/Zn- SOD, 
MnSOD and actin genes are listed below:
Cu/Zn- SOD (EF121763), forward (fw) –  
5´‑GACTGGGCCACATTTCAACC‑3´
and reverse (rv) –  
5´‑GCCTTGCCATCTTCACCAA‑3 ;́

MnSOD (EF203086), fw –  
5´‑CAATGGCGGAGGTCACATTA‑3´
and rv –  5´‑AGAGCAAGCCACACCCATC‑3 ;́
actin (AB 010922), fw –  
5´‑GGTCGTGACCTTACTGATGC‑3´ and
rv –  5´‑CAATAGAGGAACTGCTCTTTG‑3 .́

Statistical analyses

The experiment had three replicates. The 
data were subjected to the analysis of variance 
(ANOVA). Data were processed using Excel 
2007 (Microsoft Corp., Redmond, WA, USA) 
and analyzed using the Statgraphics Plus 5.0 
(Statgraphics Technologies, Inc., The Plains, VA, 
USA) statistical software. Data are presented as 
mean values ± standard error (SE). The Fisher’s 
least significant difference (LSD) test was used to 
compare the treatment means. Differences at p< 
0.05 were considered statistically significant. The 
research was carried out using the equipment of 
the Core Facility Sharing of KarRC of RAS.

Results
Dry weight

At the temperature of 12 °C leaf DW of 
cucumber seedlings increased on day 3, whereas 
at 4 °C DW remained at the same level throughout 
the experiment (Table). SA pre‑ treatment did not 
affect cucumber leaf DW accumulation under the 
low temperatures.

Values include mean ± SE (n=15). Different 
letters indicate significant differences between 
treatments at p < 0.05 (ANOVA).

Relative electrolyte leakage

The exposure to the temperature of 12 °C 
resulted in a slight increase in electrolyte leakage 
(EL) from leaves of cucumber seedlings after 
one day of treatment, followed by a decrease on 
the 3rd day, and reached the initial values (Table). 
After one day at 4 °C, electrolyte leakage was 
4‑fold higher than the initial level and remained 
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increased during 3 days. It is important to note, 
that SA pretreatment reduced electrolyte leakage 
from leaf cells at optimal growth condition 
prior to exposure to low temperature. After one 
day of chilling SA pre‑ treatment repressed the 
increase of electrolyte leakage from leaf cells in 
comparison to untreated plants at both 12 °C and 
4 °C (Table).

Lipid peroxidation rate

MDA content of leaves increased after one day 
of low temperature exposure (12 °C and 4 °C) and 
remained increased on the 3rd day of the experiment 
(Table). At 4 °C, the MDA content increased more 
significantly compared to the influence of the 12 °C 
exposure. SA application resulted in an increase in 
MDA at 12 °C on the 3rd day but its amount was 
lower compared to untreated plants. The same 
pattern was observed at 4 °C (Table).

SOD activity

It was found that the temperatures of 12 °C 
and 4 °C influenced SOD activity in cucumber 

leaves differently. The temperature of 12 °C 
promoted SOD activity during 3 days of the 
experiment (Fig. 1A), while the temperature of 
4 °C increased the activity of SOD in the initial 
period (5 hours), but after one day it decreased 
(Fig. 1B). SA treatment of cucumber seedlings 
had a positive effect on SOD activity. Particularly, 
SA‑pretreatment lead to an increase in enzyme 
activity under 12 °C with further increase during 
3 days (Fig. 1A). SA application also enhanced 
SOD activity at 4 °C, but on the 3rd day the 
enzyme activity decreased to the initial level 
(Fig. 1B).

Relative gene expression

The exposure of cucumber seedlings to 
12 °C caused accumulation of transcripts of Cu/
Zn- SOD and Mn- SOD genes in leaves (Fig. 2A, 
B). SA application resulted in an increase in the 
mRNAcontent of both Cu/Zn- SOD and Mn- SOD 
genes. With SA, Cu/Zn- SOD gene expression 
increased prior to chilling treatments as well as 
when exposed to 12 °C during 3 days. On the 

Table. Effect of SA on leaf DW, electrolyte leakage and MDA content in cucumber seedlings under low 
temperatures

Temperature, °C

Exposure, h
12 4

SA concentration, µM SA concentration, µM
0 100 0 100

Leaves DW, mg
0 16.9 ± 0.2b 17.3 ± 0.4b 16.9 ± 0.2b 17.3 ± 0.4b

24 17.9 ± 0.5ab 18.1 ± 0.6ab 17.4 ± 0.3b 17.8 ± 1.0ab

72 19.4 ± 0.7a 20.1 ± 0.8a 17.2 ± 0.4b 17.2 ± 0.5b

Electrolyte leakage, %
0 15.12 ± 0.41f 14.11 ± 0.27g 15.12 ± 0.41f 14.11 ± 0.27g

24 18.37 ± 0.67e 15.30 ± 0.70f 54.73 ± 1.94c 45.16 ± 1.69d

72 13.93 ± 0.44h 12.27 ± 0.51i 86.17 ± 1.26a 74.02 ± 1.40b

MDA content, nmol g‑1 fresh mass
0 8.8 ± 0.5f 10.1 ± 0.4e 8.8 ± 0.5f 10.1 ± 0.4e

24 12.1 ± 0.3d 11.0 ± 0.3e 15.9 ± 0.7c 12.8 ± 1.1d

72 16.1 ± 0.6c 12.8 ± 0.5d 41.7 ± 1.6a 35.1 ± 1.5b
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3rd day the mRNA of Cu/Zn- SOD content was 
higher in SA‑treated seedlings compared to 
untreated plants. In contrast, the Mn- SOD gene 

expression was higher in SA‑treated compared to 
untreated plants on the 1st day, but on the 3rd day 
no difference was observed (Fig. 2A, B).

Fig. 1. Effect of low temperatures 12 °C (A) and 4 °C (B) with and without SA pre‑ treatment on SOD activity in 
the leaves of cucumber. Means ± SEs, (n = 12). Different letters indicate significant differences between means 
at p < 0.05 (ANOVA)

Fig. 2. Effect of low temperatures 12 °C (A, B) and 4 °C (C, D) with and without SA pre‑ treatment on Cu/Zn- SOD 
(A, C) and MnSOD (B, D) genes expression in the leaves of cucumber. Means ± SEs, (n = 12). Different letters 
indicate significant differences between treatments at p < 0.05 (ANOVA)
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The temperature of 4 °C did not affect the 
expression of Cu/Zn- SOD and Mn- SOD genes 
during 3 days of the experiment (Fig. 2C, D). 
SA application caused an increase in Cu/Zn- 
SOD and Mn- SOD genes expression. Moreover, 
mRNA content of these both genes was higher 
even on the 3rd day of the experiment, compared 
to untreated plants (Fig. 2C, D).

Discussion

It is generally accepted that environmental 
stresses are detrimental to plants by reducing their 
growth and biomass production. Nevertheless, 
inhibition of growth in response to low positive 
temperatures is one of the prerequisites for 
the adaptation to cold (Klimov, 2009). In the 
present study leaf DW increased on the 3rd day 
of 12 °C exposure, i.e. cucumber was capable of 
growing under this temperature, whereas at 4 °C 
DW accumulation did not occur. The decrease 
in DW accumulation under low temperatures 
was also observed previously (Cao et al., 2014). 
However, in our experiments SA‑application did 
not increase DW in cucumber. A similar effect 
was described by Miao et al. (2020). This effect 
can be associated with the dose of SA; the dose‑ 
dependent effect on growth parameters was also 
shown by Barba‑ Espín et al. (2011).

It is known that one of non‑ specific reactions 
of plants to low temperatures is disturbance of 
membrane permeability and, consequently, an 
increase in electrolyte leakage from cells. In our 
experiments, a 24 h exposure to the temperature 
of 4 °C already caused an increase in electrolyte 
leakage from the cells of cucumber leaves, 
indicating a damaging effect. This effect was 
also supported by the data on MDA content in 
leaves. In contrast, even 3‑day exposure to 12 °C 
did not negatively affect membrane permeability 
in leaves. According to these data, it can be 
assumed that cucumber plants are able to adapt 
to the temperature of 12 °C. It was noted, that 

low temperatures can have a negative effect, but 
over time plants can adapt to them (hardening 
temperatures), while low temperatures closer to 
0 °C have an extremely negative effect, which over 
time will lead to the death of plants (damaging 
temperatures). Our data are consistent with the 
results of other authors. For example, electrolyte 
leakage from the cells of cucumber plants was 
intensified by exposure to the temperatures of 
8 °C and 2 °C (Hu et al., 2006; Qian et al., 2013), 
while at 12 °C the increase of electrolyte leakage 
was not detected (Erez et al., 2002). The MDA 
level also increased in cucumber plants subjected 
to a low temperature (Hu et al., 2006; Liu et al., 
2020).

Our results indicated the protective effect 
of SA application on cucumber seedlings under 
low temperatures influence including 4 °C, 
when there was a considerable reduction in 
electrolyte leakage from the leaf cells and MDA 
concentration. There are data about a protective 
effect of SA on cell membranes of cucumber 
subjected to 10 °C (Lei et al., 2010), 4 °C 
(Sayyari, 2012) and cucumber fruits under 2 °C 
(Zhang et al., 2015). The dose‑ dependent effect 
of SA application on MDA content in cucumber 
was also described (Nie et al., 2018). These data 
suggest that SA pre‑ treatment can neutralize the 
negative effect of chilling on cucumber.

Low temperatures directly or indirectly 
intensify generation of ROS that can damage 
macromolecules and disrupt physiological and 
biochemical processes in plants. An important 
role in plant cell protection from ROS is performed 
by antioxidant enzymes that are capable of 
scavenging them (Pal et al., 2013; Dumanović 
et al., 2021). Particularly, SOD is a key enzyme 
which converts superoxide radicals into molecular 
oxygen and hydrogen peroxide (Perry et al., 2010; 
Zeinali et al., 2015). In our study, it was shown 
that SOD activity depends on the intensity and 
duration of exposure to low temperatures. The 
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12 °C treatment resulted in an increase in SOD 
activity in cucumber leaves, which indicates its 
involvement in plant adaptation to chilling. In 
contrast, an increase in SOD activity under the 
damaging temperature (4 °C) was only short‑ 
term, and a more prolonged exposure negatively 
affected the activity of the enzyme. Previously, it 
was shown that at low temperatures SOD activity 
increased in cucumber (Gao et al., 2009; Yang 
et al., 2011; Chen et al., 2015), barley (Mutlu et 
al., 2013), chickpea (Kazemi‑ Shahandashti et al., 
2014), wheat (Li et al., 2014; Scebba et al., 1999). 
However, the response of SOD activity to chilling 
was ambiguous. For instance, SOD activity in 
cucumber plants exposed to 15 °C rose on the 2nd 
day of the treatment but declined on the 4th day 
(Gao et al., 2009; Cao et al., 2014).

In the present study, it was shown that SA 
application stimulated an increase in SOD activity 
under 12 °C and 4 °C. The positive effect of SA 
on SOD activity was demonstrated previously in 
barley under low temperatures (Mutlu et al., 2013), 
soybean (Ardebili et al., 2014) and radish (Bukhat 
et al., 2020) at high salinity, as well as in wheat 
and bean plants under cadmium stress (Agami, 
Mohamed, 2013; Saidi et al., 2013). These data 
suggest that regulation of the antioxidant enzyme 
activity by SA under stress conditions, including 
low temperatures, is associated with generation 
of hydrogen peroxide (Hayat et al., 2010). It is 
possible, that SA enhances tolerance of cucumber 
seedlings under chilling due to the increase in 
SOD activity and consequently, generation of 
Н2О2 as a key signaling molecule involved in the 
cascade of reactions resulting in activation of 
plant defense mechanisms.

In our experiments, the temperature of 
12 °C increased SOD activity in parallel with 
the rise in expression of Cu/Zn- SOD and Mn- 
SOD genes encoding SOD isoforms. Similar 
results were obtained in plants of cucumber at the 
temperature of 15 °C: accumulation of transcripts 

of Cu/Zn- SOD gene was observed on the 2nd day 
of the exposure, but on the 4th day, their content 
decreased, whereas an increase in the level of 
Mn- SOD transcripts did not occur (Gao et al., 
2009). In the present study, the temperature of 
4 °C did not affect gene expression. Overall, 
these data indicate that there is no direct relation 
between the activity of SOD and the content of 
transcripts of SOD encoding genes. It could mean 
that regulation of SOD activity can be performed 
at the transcriptional and post‑ transcriptional 
levels. This conclusion is also supported by 
another set of data on the low activity of SOD 
along with up‑ regulation of Cu/Zn- SOD gene 
expression in cucumber under a low temperature 
(Cao et al., 2014). In contrast, the content of 
transcripts of Cu/Zn- SOD and Mn- SOD genes 
decreased in cucumber at dehydration, but at 
the same time SOD activity increased (Huang 
et al., 2013). In our experiments, SA application 
led to an increase in accumulation of Mn- SOD 
and Cu/Zn- SOD gene transcripts in the leaves 
of cucumber at hardening (12 °C) and damaging 
(4 °C) temperatures. It should be noted that the 
data on the effect of SA on the expression of the 
SOD encoding gene are fragmentary. According 
to our data, it is possible to propose, that SA 
can regulate SOD activity at the transcriptional 
level. However, the mechanisms of regulation of 
the expression of SOD encoding genes by SA at 
chilling needs further research.

Conclusions

In conclusion, it is supposed that the 
enzyme activity of SOD in the leaves of 
cucumber seedlings depends on the intensity 
and duration of low temperature exposure, and 
changes differently at hardening and damaging 
temperatures. Considering the fact that SA pre‑ 
treatment improved tolerance to chilling stress 
and led to an increase in SOD activity and 
accumulation of transcripts of Cu/Zn- SOD and 
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Mn- SOD genes in the leaves, we can assume that 
SA plays an important role in regulation of SOD 
activity contributing to greater plant resistance 

to cold stress. Thus, activation of SOD may be 
one of the key processes in adaptation to low 
temperatures induced by SA in cucumber plants.
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