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Abstract

Stoynova-Bakalova E., Ivanova N., Bakalov D., Gigova L., 2020: Modifying effects of some plant hormones 
on zucchini cotyledons subjected to high temperature and excess copper. – Botanica, 26(1): 28–39.

The aim of the study was to investigate the potential beneficial effects of exogenous application of methyl 
jasmonate (MeJa) and phenylurea cytokinin (4PU-30) on zucchini (Cucurbita pepo L.) cotyledons subjected to 
high temperature (HT) and combined HT plus excess copper (Cu2+) stress. Compared to HT stressed zucchini 
cotyledons, exposure to excess Cu2+ prior to HT treatment inhibited the growth, decreased superoxide dismu-
tase (SOD), glutathione peroxidase (GPx) and glutathione reductase (GR) activities, increased glutathione-S-
transferase (GST) and peroxidase (Px) total activities, and induced new enzyme isoforms (GST4, GST8, and 
Px4). The effect of MeJa on the double-stressed plants was to increase SOD, GPx and Px total activities and 
stimulate the activity of GST8, GST9, GST10, SOD5, Px3 and Px8 isoenzymes. In addition to SOD, GPx and 
Px, 4PU-30 increased GST total activity, up-regulated Px1 and GR1, and had a higher stimulatory effect on 
SOD5, Px3, GPx3, GST9 and GST10 activities. Copper, 4PU-30 and MeJa treatments changed the abundance 
and pattern (MeJa) of soluble zucchini polypeptides in a specific manner. MeJa and especially 4PU-30 applied 
alone, or in combination, stimulated the growth of later HT-treated cotyledons. 4PU-30 counteracted better 
than MeJa in the HT+heavy metal-caused inhibition of the growth. The data indicated that both MeJa and 4PU-
30 may protect the zucchini plants from high temperature and combined high temperature plus excess copper 
stress, but 4PU-30 was more effective; the protective effect was related to the changes in the gene expression, 
total antioxidant enzyme activities and the activity of individual isoforms of the enzymes.

Keywords: antioxidant enzymes, enzyme isoforms, growth, heavy metal, high-temperature, jasmonate, oxida-
tive stress, phenylurea cytokinin.

INTRODUCTION

Abiotic stresses such as high temperature (HT) 
and heavy metal stress are among the major factors 
that negatively affect plant growth, development, 
physiological processes, and productivity (Kumar et 
al., 2012; Hasanuzzaman et al., 2013). Unfavourable 
environmental conditions disturb the delicate cellular 
redox balance leading to a significant accumulation 
of reactive oxygen species (ROS). Although ROS 
can function as useful signalling molecules, when are 

overproduced they can cause inactivation of enzymes, 
protein degradation, lipid peroxidation, and damage 
to DNA (Suzuki & Mittler, 2006; Zhu et al., 2013). 
To eliminate or reduce harmful effects of increased 
ROS levels, the plants are known to develop enzy-
matic and nonenzymatic detoxification mechanisms 
(Sharma et al., 2012). The importance of antioxidant 
enzymes (AOE) is in their ability to scavenge ROS 
and, thereby, prevent oxidative damage. Superoxide 
radicals are converted to H2O2 by the action of SOD, 
and the accumulation of H2O2 is prevented by the ac-
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tivities of catalase (CAT), Px and GR. High activities 
of AOE in two heat-tolerant squash (Cucurbitaceae) 
genotypes have been found in response to heat stress 
(Ara et al., 2013), and they may have a general role 
in the acquisition of plant tolerance to different envi-
ronmental stresses. Studies on heat-acclimated and 
non-acclimated turfgrass species under heat stress 
have indicated that the former has a lower ROS con-
tent as a result of enhanced synthesis of ascorbate 
and glutathione (Xu et al., 2006). Significant increase 
in the activity of all studied enzymes – SOD, CAT, 
ascorbate peroxidase (APx) and guaiacol peroxidase 
in Mentha pulegium has been registered under excess 
Cu2+ conditions (Candan & Tarhan, 2003). How-
ever, in Brassica junicea seedlings, Cu2+ treatment 
causes increase in the activities of Px, APx, SOD, 
but induces a decrease in the activity of CAT (Wang 
et al., 2004).

Environmental stresses induce the synthesis of 
different plant hormones. Phytohormones such as 
jasmonates, abscisic acid, indole-3-acetic acid, cy-
tokinins, auxins, gibberellins, salicylic acid, and the 
crosstalks between them, are crucial for the growth 
and development of plants and also in mediating var-
ious stress responses (Verma et al., 2016; Sergiev et 
al., 2017; Per et al., 2018; Sytar et al., 2019). The 
exogenous application of phytohormones has been 
observed to mitigate the HT stress-induced dam-
age in plants and alleviate the toxic impact of heavy 
metals. For example, heating of a wild-type Arabi-
dopsis thaliana leads to the accumulation of a range 
of jasmonates, and exogenous application of MeJa 
protects this plant from heat stress (Clarke et al., 
2009). Jasmonic acid (JA, 50 μM) is able to extenu-
ate the negative changes in grape seedlings caused 
by heat stress (42°C). This protection is accompanied 
by the upregulation of antioxidant enzyme activities 
(SOD, CAT and Px) compared to these in heated but 
JA-untreated seedlings (Chen et al., 2006). The cad-
mium (Cd)-stressed rice seedlings exposed to MeJa 
reveal consistent improvement in the CAT, SOD, 
Px and GR responses along with glutathione pools, 
which perhaps lowers the Cd-induced oxidative in-
jury (Singh & Shah, 2014). The application of the 
phenylurea cytokinin 4PU-30 to Phaseolus vulgaris 
plants subjected to high temperature (Yordanov et 
al., 1997) and to maize seedlings under drought (To-
dorov et al., 1998) and herbicide glyphosate action 

(Sergiev et al., 2006), not only enhances the plant 
growth, but also improves the stress tolerance.

The impact of MeJa and 4PU-30, applied alone 
and in combination, on the growth, gene expression 
and antioxidant enzyme activity has presently been 
studied using cultivated zucchini cotyledons. As in 
nature plants are often exposed to complex environ-
mental perturbations, and to our knowledge, the role 
of cytokinin and jasmonates in HT tolerance under 
multiple stress conditions has not been investigated 
to date, we analysed the effect of plant hormones on 
the thermotolerance under double stress conditions 
provided by additional Cu2+ treatment. Copper was 
used because this micronutrient plays an essential 
role in photosynthesis, respiration, antioxidant activ-
ity, cell wall metabolism and hormone perception, 
but in excess, it causes severe phytotoxic and oxida-
tive damage (Yruela, 2009). It was hypothesized that 
exogenous application of 4PU-30 or/and MeJa may 
enhance the plant defense responses against harmful 
ROS induced by HT and heavy metal stress.

MATERIALS AND METHODS

Plant material and treatments
Seeds of one fruit of Cucurbita pepo L., cv. Cocoz-

elle var. Tripolis (zucchini) were stripped of their seed 
coats, and cotyledons isolated from the embryonic 
axes of the seed were placed in covered Petri dishes 
on filter paper soaked with distilled water (reference 
sample) or with water supplemented with either Cu-
SO4 (Cu2+, 1000 μM), phenylurea cytokinin (10 μM), 
MeJa (100 μM), and combinations thereof. We used 
such a high concentration of Cu2+ to obtain evident 
growth inhibition after five days. The cotyledons were 
cultivated in a growth chamber at 28°С in the light 
(16:8 h light-dark photoperiod with irradiance of 60–
80 μmol m-2 s-1 provided by daylight fluorescent tubes). 
After 5-day cultivation, the zucchini cotyledons were 
transferred to 45°C for the next 24 h.

Chemicals
Phenylurea cytokinin N1-(2-chloro-4-pyridyl)-N2-

phenylurea (4PU-30) was kindly provided by Prof. 
K. Shudo, University of Tokyo, Japan; methyl jas-
monate was obtained from Serva (Heidelberg, Ger-
many). All chemicals used in the enzyme activity 
assays were purchased from either Sigma Chemicals 
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(St Louis, MO) or Merck KGaA (Darmstadt, Ger-
many). Protein molecular weight marker was from 
Fermentas (Burlington, Ontario, Canada).

Growth analysis
The growth of zucchini cotyledons was analysed 

by an increase in their area. For this, the cotyledons 
were carefully flattened and scanned (Epson Perfec-
tion 2480 Photo scanner, Matsumoto-shi City, Ja-
pan). The area of the cotyledons was measured using 
3DDoctor software (Able Software Corp., Lexing-
ton, MA, USA).

Statistics
All experiments were repeated three times. The 

area of 20 zucchini cotyledons for each treatment 
was measured. The data reported are mean values 
± SD. The differences between the treatment groups 
were statistically analysed using one-way ANOVA 
followed by the Tukey post hoc test.

Protein extraction and analysis by polyacryla-
mide gel electrophoresis in the presence of SDS 
(SDS-PAGE)

The zucchini cotyledons were ground with quartz 
sand in cold extraction buffer (60 mM Tris-HCl, 
pH 6.8, containing 5 mM EDTA and 14 mM 2-mer-
captoethanol), in a pre-cooled mortar and pestle. 
The homogenates were centrifuged at 13000×g for 
20 min. The soluble protein in the supernatant was 
analysed by SDS-PAGE. To identify changes in the 
protein content and polypeptide pattern among the 
treatments, equal volumes of the samples, extracted 
from equal fresh weights of cotyledons, were loaded.  
SDS-PAGE was performed as described by Oka-
jima et al. (1993), using 5% and 12% polyacryla-
mide in the stacking and resolving gels, respectively. 
Polypeptides were detected by Coomassie Blue stain-
ing and the differences in the band number and inten-
sity (quantity) of the respective bands were estimated 
by image analysis of the gels with Gel-Pro Analyzer 
3.2 software (Media Cybernetics Inc., Bethesda, MD 
USA).

Native PAGE and antioxidant enzyme activity 
staining

Equal amounts (20 µg) of protein from the zuc-
chini cotyledons exposed to different treatments 

were subjected to discontinuous PAGE under nonde-
naturing, nonreducing conditions essentially as de-
scribed by Okajima et al. (1993), but in the absence 
of SDS. The protein concentration was measured 
by the dye-binding assay (Bradford, 1976) with 
bovine serum albumin grade V as a standard. Elec-
trophoretic separation was performed on 10% poly-
acrylamide gels for 3–4 h with a constant current of 
35 mA per gel. Upon completion of electrophoresis, 
separate gels were stained for the activities of SOD  
(EC 1.15.1.1), diaminobenzidine-specific peroxi-
dase (Px, EC 1.11.1.7), GPx (EC 1.11.1.9), GST  
(EC 2.5.1.18) and GR (EC 1.6.4.2).

The methods of Azevedo et al. (1998), Anderson et 
al. (1995) and Rojas-Beltran et al. (2000) were used 
for in gel activity staining of SOD (including identifi-
cation of its metaloforms), GR and Px, respectively, 
as has been detailed in our previous paper (Gigova et 
al., 2012). Briefly, in order to visualize the bands of 
SOD isoforms, the gels were soaked in 0.1 mM nitrob-
lue tetrazolium (NBT), 0.05 mM riboflavin, and 0.3% 
(v/v) tetramethyl ethylenediamine in 50 mM potas-
sium phosphate buffer (PPB, pH 7.8) for 20 min in the 
dark and subsequently illuminated in a light box. After 
about 15 min, SOD isoforms appeared as achromatic 
bands on a blue background. The different SOD meta-
loforms were identified by preincubation of parallel 
gels with selective inhibitors (2 mM potassium cya-
nide to inhibit Cu/ZnSOD and 5 mM H2O2 to inhibit 
both Cu/ZnSOD and FeSOD).

The staining solution for GR activity consisted of 
0.24 mM 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT), 0.34 mM 2,6-dichlo-
rophenolindophenol, 3.6 mM oxidized glutathione 
(GSSG), and 0.4 mM reduced form of nicotina-
mide adenine dinucleotide phosphate (NADPH) in  
250 mM Tris-HCl buffer (pH 7.8). GR isoforms were 
detected by incubating the gels in this solution for 1 h 
in the dark.

The bands of Px isoforms wеre localized on the 
gel by staining in 50 mM PPB (pH 7.0) containing 
0.5 mg/ml of diaminobenzidine (DAB) and 5 mM 
of H2O2 until brown bands on an uncoloured back-
ground appeared.

Staining for GPx was achieved as described by 
Lin et al. (2002). The gels were washed in distilled 
water and soaked in the substrate solution, containing 
50 mM Tris-HCl buffer, pH 7.9, 13 mM glutathione 
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(GSH), and 0.004% H2O2, with gentle shaking for 
10–20 min. After a brief rinse, the GPx isoenzymes 
were detected by incubating the gels in darkness with 
1.2 mM MTT and 1.6 mM phenazine methosulphate 
(PMS) in distilled water until clear bands appeared 
on a purple background.

The gel was stained for GST activity using the 
method of Ricci et al. (1984). Briefly, after electro-
phoretic run, the gel was equilibrated in 100 mM PPB, 
pH 6.5 for 10 min, and transferred to a reaction mix-
ture containing 4.5 mM GSH, 1 mM 1-chloro-2,4-
dinitrobenzene (CDNB), and 1 mM NBT, dissolved 
in the same PPB at 37°C for 10 min. Further, the gel 
was incubated at room temperature in 100 mM Tris-
HCl buffer, pH 9.6, supplied with 3 mM PMS. The 
activity bands appeared as achromatic zones against 
a blue background.

Gel patterns were photographed immediately after 
staining using the UVItec gel documentation system 
(Cambridge, UK) and the images were analysed us-
ing Gel-Pro32 Analyzer software (Media Cybernet-
ics, Bethesda, MD USA). The intensity (activity) of 
each band (isoenzyme) resolved was measured as to-
tal integrated optical density (IOD), in arbitrary units 
(a. u.). As each enzyme had multiple bands, the sum 
of their IOD values was considered as total enzyme 
activity for a particular treatment. The experiments 
were repeated at least three times. The absolute val-
ues for the IOD of each isoform varied between the 
experiments, but near-identical trends in each activ-
ity were clearly identified. Quantitative data for the 
activity of each enzyme were, therefore, presented 
from a single representative experiment.

RESULTS AND DISCUSSION

Cotyledon growth
Cu2+ (1000 μM) enhanced the known inhibitory 

effect of HT on zucchini cotyledon growth. Pheny-
lurea cytokinin (4PU-30, 10 μM) significantly stimu-
lated the enlargement of HT-stressed cotyledons and 
counteracted better than MeJa in the heavy metal  
+ HT-caused inhibition of the growth (Fig. 1). Re-
cently, we have found that 4PU-30 is a strong stimu-
lator of cell growth in zucchini (Stoynova-Bakalo-
va et al., 2008; Stoynova-Bakalova et al., 2009) and 
this effect is maintained after application of excess 
Cu2+ (Stoynova-Bakalova et al., 2009). The present 

results indicated that the growth-stimulatory effect 
of the cytokinin was also preserved under combined 
excess Cu2+ and HT stress. MeJa (100 μM) applied 
alone significantly stimulated the enlargement of 
heat-treated and double-stressed zucchini cotyle-
dons, but to a lesser extent than 4PU-30. Moreover, 
MeJa decreased the stimulating effect of cytokinin, 
especially in the presence of Cu2+. The protective 
effect of 5 µM MeJa has previously been reported 
on Arabidopsis thaliana heat-stressed seedlings by 
reducing the electrolyte leakage, but at higher con-
centration (30 µM), the hormone has a reverse ef-
fect (Clarke et al., 2009). Taking together, our and 
literature data showed that MeJa protection from HT 
stress is not only concentration, but also plant species 
dependent.

Protein profiles
The polypeptide composition and abundance of 

cotyledons treated for six days was compared after 
denaturing polyacrylamide gel electrophoresis. The 
4PU-30 treatment did not change the spectrum of 

Fig. 1. The area of zucchini cotyledons under high temperatu-
re (HT) and high temperature plus excess copper (HT + Cu) 
stresses, pretreated with exogenous methyl jasmonate (MeJa), 
phenylurea cytokinin (4PU) and combination of both. Diffe-
rences between the treatments were statistically significant, F 
(7, 152) = 1078, p < 0.001, as assessed by the ANOVA and 
the Tukey post hoc analysis, except for HT versus HT + Cu 
+ MeJa
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visible polypeptide bands compared to that of the un-
treated, heat-stressed cotyledons, but the intensity of 
some bands markedly increased or decreased (Fig. 2, 
lane 2 vs. lane 1, > or <, respectively). MeJa induced 
a synthesis of several unique proteins (69, 60 and 
43kDa) in the HT-stressed zucchini cotyledons, pre-
viously identified in zucchini plants as jasmonate-
induced polypeptides (JIPs) (Ananieva & Ananiev, 
2003), and strongly increased the intensity of two 
bands (97.4 and 53kDa, Fig. 2, lane 3), present in 
the other treatments as well. Additionally, MeJa in-
creased the abundance of polypeptides below 45kDa, 
including bands at the same relative mass as reserve 
globulins (20–25kDa) (Hara & MatsuBara, 1980).

Fig. 2. SDS-PAGE analysis of polypeptide profiles of high 
temperature-stressed zucchini cotyledons subjected to diffe-
rent pretreatments. Treatments are as follows: lane 1, high 
temperature (45°C, HT, reference sample); lane 2, HT +  
4PU-30; lane 3, HT + MeJa; lane 4, HT + Cu2+; lane 5, HT + 
4PU-30 + MeJa; lane 6, HT + Cu2+ + 4PU-30; lane 7, HT + 
Cu2+ + MeJa; lane 8, HT + Cu2+ + 4PU-30 + MeJa. Polypepti-
des with increasing (>) or decreasing (<) intensity due to the 
4PU-30 treatment as compared to the reference sample are 
shown on the left. Protein molecular weight markers (in kDa) 
are indicated on the right

In contrast to MeJa, Cu2+ did not induce new pro-
tein synthesis, but strongly increased the abundance 
of almost all soluble polypeptides (Fig. 2, lane 4). 
When MeJA or/and Cu2+ was applied together with 
4PU-30 (Fig. 2, lanes 5, 6 and 8, respectively), the 
protein profiles of cotyledon tissues were similar 
to those of 4PU-30 alone treated cotyledons. After 
the combined treatment with MeJa and Cu2+ (Fig. 2, 

lane 7), the profile resembled jasmonate-only treat-
ment. Therefore, Cu2+, 4PU-30, and especially MeJa 
pretreatments can significantly alter gene expression 
in heat-stressed zucchini cotyledons as evidenced by 
changes in the number and intensity of polypeptide 
bands. On the other hand, our results showed differ-
ing effects of MeJa, Cu2+ and 4PU-30 on the polypep-
tide patterns, thus, suggesting different mechanisms 
of their action.

Activity of antioxidant enzymes
In the treated zucchini cotyledons, five common 

SOD isoenzymes (designated SOD1-5, in the order 
of increasing migration) were resolved on the gel 
(Fig. 3A). Superoxide dismutase 1 was identified as 
MnSOD enzyme by its resistance to both cyanide 
and H2O2, whereas SOD isoenzymes 2, 3, 4, and 5 
were insensitive to inhibition by cyanide and sen-
sitive to inactivation by H2O2, suggesting that they 
represented FeSOD activity. No Cu/ZnSOD activity 
band was observed in all the treatments. In Fig. 3, the 
occurrence of the gel is compared to the densitomet-
ric analysis.

The densitometric analysis of the superoxide dis-
mutase zymograms indicated lower enzyme activ-
ity in the MeJa-treated and in the Cu2+-treated HT-
stressed cotyledons as compared to the reference 
sample (Fig. 3B). MeJa-induced inhibition in the 
activity of one MnSOD isoform in Ricinus commu-
nis leaves has been observed by Dos Santos Soares 
et al. (2010). In Arabidopsis thaliana, the total SOD 
activity decreases by Cu2+ excess, at short periods 
of treatment (Maksymiec & Krupa, 2006), but in-
creases after seven days of Cu2+ action (Drążkiewicz 
et al., 2004). The observed differences may have re-
sulted from the additional stress factor (HT stress) 
used in our experiment. Reduction in SOD activity 
after Cu2+ or MeJa treatments may cause accumu-
lation of superoxide radical (O2·-), also observed in 
A. thaliana (Maksymiec & Krupa, 2006), thereby en-
hancing oxidative stress. Pretreatment with 4-PU-30 
did not significantly affect the total SOD activity in 
the heat-stressed cotyledons, but enhanced the activ-
ity of SOD5. After all the combined treatments, the 
enzyme activity was higher than in the single (HT, 
lane 1) and double (HT + Cu2+, lane 4) stress con-
ditions, mainly due to the stimulation of the faster 
migrating FeSOD isoforms SOD4 and SOD5.
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On nondenaturing polyacrylamide gels, Px re-
vealed a total of eight molecular forms (Fig. 4A). 
Isoperoxidase 2 was expressed only in heat-shocked 
zucchini cotyledons pretreated with 4PU-30 + MeJa. 
Isoform 4 was induced by MeJa and Cu2+ when ap-
plied alone and in combination. Analysis of the gels 
showed that the total Px activity increased in all the 
tested variants (Fig. 4B) as compared to the cotyle-
dons treated with HT only (Fig. 4B, lane 1). When 
MeJa or Cu2+

 were applied, the increase was much 
less pronounced. The highest activity was observed 
after the 4PU-30 and 4PU-30 + Cu2+ treatments, 
mainly due to the stimulation of Px1, Px3, and Px8 
isoforms. Enhancement in the activity of peroxidases 
has been observed in many other plants (Sytar et al., 
2013 and refs therein) and seems to be a common 
response to different stress factors.

Staining for GPx yielded four activity bands. 
Some weaker bands were visible on the gel (Fig. 5A), 
which are non-glutathione-specific peroxidase iso-
forms as evidenced by a comparison of this gel with 
the patterns of the DAB-specific peroxidase (Px, 
Fig. 4A). A single faint slowly moving band (GPx2) 
was observed commonly in all the treatments, but it 
was more intensive in the only HT- and HT+4PU-

30-treated zucchini cotyledons. The intensity of the 
second common isoform, GPx3, did not appear to 
change significantly in the MeJa or Cu2+ pretreated 
heat-stressed cotyledons. In contrast, 4PU-30 alone 
and in combination significantly elevated its inten-
sity. Furthermore, 4PU-30 promoted the occurrence 
of a new glutathione peroxidase form – GPx4. A very 
slowly moving band of GPx1 was visible only in the 
sample under double stress conditions (Fig. 4, lane 4). 
In general, Cu2+ and especially MeJa repressed the 
total GPx activity (Fig. 4B), whereas 4PU-30 had a 
strong stimulatory effect, resulting from the activa-
tion of GPx3 and induction of GPx4 isoforms. The 
low activity of GPx in the MeJa or Cu2+ pretreated 
heat-stressed zucchini cotyledons might be due to the 
low substrate (GSH) level under these conditions. In 
A. thaliana, exogenously applied MeJa diminishes 
GSH accumulation after Cu2+ supply (Maksymiec et 
al., 2007). However, upon the combined stress, the 
treatments with MeJa and especially 4PU-30 stimu-
lated the total GPx activity.

Gels stained for GR activity revealed two well-re-
solved bands (GR1 and GR2) in the cotyledon extracts 
following all the treatments (Fig. 6A). Pretreatment 
with 4PU-30 did not affect GR activity in the HT-

Fig. 3. Effect of different treatments on the pattern and activity of superoxide dismutase (SOD) in zucchini cotyledons. A – 
isoenzyme patterns. Equal amounts of protein (20 µg) are loaded per well. The different isoforms of SOD are numbered from 
cathode to anode. SOD1 represents MnSOD, SOD2, 3, 4 and 5 represent FeSOD activity. The treatments (lanes 1–8) are as in 
B. B – changes in the relative total SOD activity. The total activity for a particular treatment is expressed as a sum of the values 
(in arbitrary units, a. u.) for integrated optical density of the respective bands. Quantitative data are from a single representative 
experiment
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Fig. 4. Effect of different treatments on the pattern and activity of peroxidase (Px) in zucchini cotyledons. A – isoenzyme 
patterns. Anodically migrating peroxidase isoforms are visualized by staining in DAB/H2O2 and numbered in the order of 
increasing electrophoretic mobility. The samples loaded on the gel (lanes 1–8) are as in B. B – changes in the relative total Px 
activity

Fig. 5. Effect of different treatments on the pattern and activity of glutathione peroxidase (GPx) in zucchini cotyledons. A – iso-
enzyme patterns, showing position and changes in the number and intensity of enzyme isoforms in zucchini cotyledons treated 
as in B. B – changes in the relative total GPx activity

exposed cotyledons (Fig. 6B). In contrast, Cu2+ and 
especially MeJa inhibited this enzyme. The decrease 
in total GR activity appeared to result from a decline 
in both the GR1 and GR2 isoforms. Suppressed activ-
ity of GR under Cu2+ stress has also been registered in 
other plant species (Sytar et al., 2013 and literature 

cited). Low GR activity can trigger the formation of 
a low GSH/GSSG ratio, as observed by Kumar et al. 
(2012) in the Talinum triangulare leaves, treated with 
high concentrations of lead. This assumption is sup-
ported by the considerable decrease in GPx activity 
after excess Cu2+ or MeJa treatments (Fig. 5B). When 
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Fig. 6. Effect of different treatments on the pattern and activity of glutathione reductase (GR) in zucchini cotyledons. A – iso-
enzyme patterns; B – relative total GR activity; the treatments in A are as in B

Fig. 7. Effect of different treatments on the pattern and activity of glutathione-S-transferase (GST) in zucchini cotyledons. A – 
isoenzyme patterns; B – relative total GST activity; the treatments in A are as in B

applied alone, 4PU-30 and MeJa wеre not able to 
improve the total GR activity of zucchini cotyledons 
subjected to double stress conditions, but their co-
administration resulted in a marked increase in GR1 
intensity and, thus, in the highest total enzyme activity 
(Fig. 6). In tolerant varieties of rice, the increase in GR 
activity has been found to play an important role in 
heat stress resistance (Nahakpam & Shah, 2011).

Plant GSTs are a ubiquitous family of multifunc-
tional enzymes, with a largely known role in xenobi-

otics detoxification (Edwards & Dixon, 2005). Ob-
servations that mRNAs encoding proteins with GST 
activity accumulate following treatment with plant 
hormones (Moons, 2005; Shi et al., 2014), heavy met-
als (ChakraBarty et al., 2009) and pathogen infection 
(LieBerherr et al., 2003), however, suggest that the 
respective enzymes play an important role in the re-
sponse of plants to abiotic and biotic stress. Moreover, 
overexpression or heterologous expression of GSTs 
was reported to improve plant tolerance to salt (Qi et 
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al., 2010), drought (George et al., 2010) and heavy 
metal, cold and osmotic stress (Kumar et al., 2013).

Seven bands of GST isoforms (2, 3, 5, 6, 7, 9, 
10) were detected in the only heat-stressed zucchini 
cotyledons (Fig. 7A). Under the influence of 4-PU-
30, no new isoforms appeared, but the intensity of 
the existing isoforms was enhanced (Fig. 7A, lane 
2). MeJa exposure induced the occurrence of GST1, 
GST4, and GST8. The isoforms GST4 and GST8 
were visible also in the Cu2+ treated heat-stressed cot-
yledons. Despite the almost equal total GST activity, 
the intensity of the individual isoforms varied con-
siderably in the last two treatments (Fig. 7A, lanes 3 
and 4). Applied alone, MeJa and Cu2+ enhanced the 
total GST activity of the heat-stressed cotyledons, 
but to a lesser extent than 4PU-30, where the activity 
was the highest among all the treatments (Fig. 7B). 
In the combined 4PU-30 + Cu2+ treatments, the effect 
of MeJa was preponderant in the isoform patterns, 
while 4PU-30 dominated with respect to enzyme 
activity. The increase in GST activity may be a de-
fense response of the zucchini cotyledons, expressed 
through a disposal of the accumulated during the 
stress endogenous toxic compounds.

CONCLUSIONS

The obtained results indicated that the Cu2+ ex-
posure prior to heat treatment presented new harsher 
conditions for the growth and survival of zucchini 
plants, probably by increasing the level of oxidative 
stress. The inhibition of growth by Cu2+ was accom-
panied by a marked decrease in SOD, GPx and GR 
activities. Exogenous application of phenylurea cyto-
kinin stimulated the growth of stressed zucchini cot-
yledons. Perhaps, the coordinated action of 4PU-30-
induced activity of Px, GPx, GST and SOD5, and the 
previously observed stimulatory effect of cytokinins 
on the synthesis of some flavones (Stoynova-Baka-
lova et al., 2009) helped the plants to successfully 
overcome the stress caused by HT alone or in combi-
nation with excess Cu2+. MeJa pretreatment improved 
the growth of the heat-stressed cotyledons, and to a 
lesser extent of the HT + Cu2+-stressed ones. Because 
all the antioxidant enzyme activity levels were similar 
in the case of MeJa and Cu2+ applied separately prior 
to the HT stress, the stimulating effect of MeJa on the 
growth was probably realized through modulation of 

the activity of individual enzyme isoforms. The role 
of the jasmonates-induced proteins (JAPs), which are 
known to be stress protectors, may also be assumed. 
Alterations in the activity of a particular isoform of 
any antioxidant enzyme can be more beneficial for 
antioxidant metabolism than changes in the total ac-
tivity, due to the action of that isoform in the specific 
cellular compartment. In the zucchini seedlings, the 
changes in the total antioxidant enzyme activity and 
the activity of individual isoenzymes participated in 
stress responses as well as in the protective effects.
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Modifying effects of some plant hormones on zucchini cotyledons subjected to high temperature and excess copper

KAI KURIŲ AUGALŲ HORMONŲ POVEIKIS CUKINIJOS SKILČIALAPIAMS AUKŠTOS 
TEMPERATŪROS IR VARIO PERTEKLIAUS STRESO ĮTAKOJE

Ekaterina Stoynova-Bakalova, Natalia ivanova, Dimitar Bakalov, Liliana gigova

Santrauka

Darbo užduotis buvo ištirti galimą teigiamą me-
tiljasmonato (MeJa) ir fenilkarbamido citokinino 
(4PU-30) poveikį cukinijų (Cucurbita pepo) skilčia-
lapiams aukštos temperatūros (AT) bei kombinuoto 
AT ir vario (Cu2+) pertekliaus sukelto streso įtakoje. 
Lyginant šių stresinių faktorių įtaką buvo nustatyta, 
kad padidintas Cu2+ kiekis, priešingai nei AT stresas, 
slopino skilčialapių augimą, sumažino superoksido 
dismutazės (SOD), glutationo peroksidazės (GPx) 
ir glutationo reduktazės (GR) aktyvumą, padidino 
glutationo-S-transferazės (GST) ir peroksidazės (Px) 
bendrą aktyvumą ir indukavo naujas fermentų izofor-
mas (GST4, GST8 ir Px4). MeJa padidino augalų, pa-
veiktų kombinuotu stresu SOD, GPx ir Px aktyvumą 
bei stimuliavo GST8, GST9, GST10, SOD5, Px3 ir 

Px8 izofermerus. Citokininas 4PU-30, be SOD, GPx 
ir Px, padidino bendrą GST aktyvumą, išryškino Px1 
ir GR1 bei turėjo stimuliuojantį poveikį SOD5, Px3, 
GPx3, GST9 ir GST10 aktyvumui. Varis, 4PU-30 ir 
MeJa specifiškai pakeitė tirpių polipeptidų gausą ir 
struktūrą. Skilčialapių, paveiktų AT, augimą stimu-
liavo MeJa ir 4PU-30, naudoti atskirai arba kartu. 
Didesnį atstatomąjį poveikį streso sukeltam augimo 
slopinimui turėjo 4PU-30, lyginant su MeJa. Tyrimų 
duomenys parodė, kad tiek MeJa, tiek 4PU-30 gali 
apsaugoti cukinijų augalus nuo aukštos temperatūros 
ir kombinuoto aukštos temperatūros bei vario sukel-
to streso. Didesnis apsauginis 4PU-30 poveikis buvo 
susijęs su genų raiškos pokyčiais, bendru antioksi-
dantinių fermentų ir atskirų jų izoformų aktyvumu.


