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1 Introduction
Plants encounter many abiotic and biotic stress factors that 

adversely affect their growth and development throughout their 
life cycles (Gull et al., 2019). As a result of various abiotic stress 
conditions, plants produce reactive oxygen species (ROS) and are 
exposed to oxidative stress (Azooz & Nabi, 2014; Prasad et al., 
1994; Shi et al., 2015). Plants have various antioxidants that provide 
detoxification of ROS in order to survive and cope with oxidative 
stress. Enzymatic components of the antioxidant defense system 
are; Superoxide Dismutase (SOD), Iron Superoxide Dismutase 
(Fe-SOD), Copper Zinc Superoxide Dismutase (Cu/Zn-SOD), 
Catalase (CAT), Glutathione Peroxidase (GPX), Phospholipid 
Hydroperoxide Glutathione Peroxidase (PhGPX), Ascorbate 
Peroxidase (APX), Glutathione-S Transferase (GST) and 
Glutathione Reductase (GR).These enzymes work in different 
cell sections and when cells are exposed to oxidative stress, they 
respond to stress (Blokhina et al., 2003; Noctor & Foyer, 1998). 
By regulating gene expression in the cell, antioxidant production 
is altered and the damage caused by oxidative stress is reduced. 
For instance, an increase in Mn-SOD and Fe-SOD activity has 
been reported in the Suaeda salsa plant under salinity stress 
(Qiu-Fang  et  al., 2005). In addition, tolerance to oxidative 
stress in tobacco and Arabidopsis has been shown to increase 
as a result of overexpression of the tAPX gene (Yabuta et al., 
2002). Similarly, expression of CAT1, SOD1 and FER1 under 
abiotic stresses reveal important roles of ROS genes, especially to 

tolerate salinity and drought (Jithesh et al., 2006a, b). However, 
it has been reported that the cell response to oxidative stress is 
reported to differently in different plant species. In addition, the 
responses of antioxidant defense systems to stress conditions 
depend on plant and stress conditions and the duration of 
stress treatment. For instance, while the expression of two GPX 
isoforms increased under osmotic and methyl viologen stress 
in barley (Hordeum vulgare), it was also determined that the 
expression of the third GPX isoform decreased under these 
conditions (Churin et al., 1999).

The ubiquitin proteasome system (UPS) has been identified 
as an important system that plays a role in the processes of cell 
division, development, and response to abiotic and biotic stress 
in plants. It protects the cellular homeostasis by breaking or 
processing damaged, misfolded and short-lived proteins in the 
cell. Plants use various transcriptional, post-transcriptional and 
post-translational mechanisms to regulate stress perception, signal 
and responses. Ubiquitination, which functions in eukaryotic 
cells, is also a posttranslational modification and its main 
purpose is to mark proteins and degrade in 26S proteasomes 
(Swatek & Komander, 2016). Proteasome inhibitors have been 
the main means of determining the role of ubiquitin in different 
biological processes of the proteasome system. MG132 is a 
strong, reversible, synthetic peptide aldehyde group proteasome 
inhibitor (Hayashi et al., 1992; Ito et al., 1975). Studies have shown 
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that cells affected by proteasome inhibition have higher ROS 
production. Accordingly, proteasomes are the direct regulatory 
mechanism of ROS production in plants (Kim  et  al., 2003). 
The relationship between proteasome inhibition and oxidative 
stress is well defined in yeast and mammalian cells. However, 
the information about the response mechanisms of proteasome 
inhibition in plants is limited.

Tomato (Lycopersicon esculentum Mill.) is a plant species 
belongs to Solanaceae family, which is widely used in the world 
and has economic importance. Tomato, known to have a good 
antioxidant content, is one of the well-studied plant species 
in genetic research (Barone et al., 2008; Jenkins, 1948). In our 
study, Lycopersicon esculentum wild species were grown in Alfred 
Heilbronn Botanical Garden of Istanbul University and the seeds 
were used in tissue culture. MG132 was used for proteasome 
inhibition in tissues of Lycopersicon esculentum. Expression levels 
of SLGR1, SLPhGPX, SLCAT1, SLFe-SOD, SLGPX, SLCu/Zn-SOD, 
SLcAPX and SLGST genes were determined by real-time PCR 
(qPCR) in MG132 treated tissues. It is suggested that the 
expression alterations of these genes in tomato root, stem and 
leaf tissues by creating proteasome inhibition will elucidate the 
role of proteasome on antioxidant mechanism.

2 Materials and methods
2.1 Plant material and seed collecting

L. esculentum (tomato) seeds were provided from Centre 
for Genetic Resources the Netherlands, Wageningen University 
and Research Center (CGN) by Dr. Bilgin Candar Çakır for 
previous works and we used them by her courtesy. Plant growing 
and seed production were carried out in Istanbul University, 
Faculty of Science, Department of Biology for the production 
of tomato seeds.

2.2 Media preparation and growth conditions

Murashige and Skoog (MS) media, which are widely preferred 
for in vitro studies, were used for the tissue culture of tomato 
(Murashige & Skoog, 1962). The seeds were surface sterilized 
with 70% ethyl alcohol for 15-20 s and commercial bleach for 
8-10 min. For washing, it was washed 3 times for 10 min in distilled 
water and dried on sterile paper. After surface sterilization of 
seeds, cultures were established in Petri dish containing Murashige 
and Skoog (MS) medium supplemented with 3% (w/v) sucrose 
and 0.9% (w/v) agar. The pH of the MS medium was adjusted 
to 5.8 and sterilized by autoclaving at 121 °C, 1.2 atm pressure 
for 15 min. Tomato plants were germinated for 17 days in plant 
growth chamber with conditions of 16 h light/8 h dark at 25 °C 
and used in experimental studies.

2.3 Proteasome inhibitor treatment

Proteasome inhibition was performed with 50 µM MG132 
proteasome inhibitor (EMD Millipore, 474787) in tomato root, 
stem and leaf tissues. Dimethyl sulfoxide (DMSO) was used 
as the solvent to prepare 50 µM MG132 proteasome inhibitor 
solution. For inhibitor treatment, the roots, stems and leaves of 
17 day old tomato plants growing in MS medium were separated 

and transferred to 1.5 mL eppendorf tubes. 1 mL 50 µM MG132 
proteasome inhibitor solution was added to the tubes and kept 
at room temperature for 24 hours. Tissues that were kept in 
DMSO for 24 hours were accepted as the control group. After 
inhibitor treatment, the collected samples were used freshly for 
molecular analysis.

2.4 RNA extraction and cDNA synthesis

For qPCR analysis, RNA isolations were performed in 
accordance with the protocol recommended by the manufacturer of 
the solution Trizol (Invitrogen, 15596026). The absorbance values 
of RNA samples at 260 and 280 nm wavelengths were measured 
using nanodrop spectrophotometer device (Thermo Scientific, 
Nanodrop 2000). A260/A280 ratio was used to determine the 
purity of RNA samples and RNAs with ≈2.0 were considered 
pure. cDNA was synthesized from the isolated RNAs according 
to the High Capacity cDNA Reverse Transcription Kit (Applied 
Biosystem, 00709629) manufacturer protocol.

2.5 Gene expression by qPCR

qPCR analyzes were performed with BIORAD CFX96 
instrument and ΔΔCt values were determined. Then, the 
expression coefficients of the genes were calculated using the 
2-ΔΔCT formula. Gene expression in terms of fold changes between 
the control and experimental groups (sample A and sample B) 
can be calculated using the 2−ΔΔCT formula [(CT target gene − CT 
internal control) sample A – (CT target gene − CT internal control) 
sample B] (Schmittgen & Livak, 2008). All qPCR reactions were 
designed in triplicate with internal control, negative control, NTC 
(no template control) and were carried out with a total volume 
of 20 µL. Each reaction tube contained 2 µL cDNA (template), 
1 µL primer (forward and reverse), 10 µL SYBR Green Master 
Mix and 6 µL nuclease-free dH2O. The qPCR conditions were 
set as follows, respectively: 90 °C for 10 min, then followed by 
45 amplification cycles of 90 °C for 15 sec, 60 °C/62 °C/57.5 °C 
for 1 min (60 °C for Actin, SLGR, SLPhGPX, SLCAT1, SLFe-SOD, 
SLGPX, SLCu/Zn-SOD, 62 °C for Actin and SLGST, 57.5 °C for 
Actin and SLcAPX), 72 °C for 30 sec and finally 60 °C for 5 sec. 
Actin - the housekeeping gene, was used as the internal control 
for qPCR normalization. NCBI Primer-Blast was used for 
primer (SlGST, SlFe-SOD, SlGPX) design with tomato sequences 
available at Sol Genomics Network (Fernandez-Pozo  et  al., 
2015). Sequences and accession numbers of all primers used 
for expression analysis of genes are listed in Table 1. Heat-map 
was generated using JColorGrid to demonstrate the change in 
expression profiles of antioxidant related SLGR1, SLPhGPX, 
SLCAT1, SLFe-SOD, SLGPX, SLCu/Zn-SOD, SLcAPX and SLGST 
genes (SourceForge, 2020; Joachimiak et al., 2006).

2.6 Statistical analysis

In our study, gene expression experiments were performed 
three biological and three technical in triplicate. One-way variance 
analysis - One-Way-ANOVA Tukey test was performed using 
Graphpad Prism® 8 trial version to condition the statistical 
significance of gene expression analysis at P≤0.05 and standard 
error was determined.
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of 50 µM MG132 proteasome inhibitor does not change the 
expression of these genes relative to the actin gene. The diagram 
showing the expression of each gene for leaf, root and stem 
tissue is given in Figure 4.

4 Discussion
Lycopersicon esculentum (tomato) is a favoured plant in 

genetic research because of its agricultural importance and 

3 Results
3.1 Proteasome inhibitor treatment

Collected seeds were incubated in the plant growth chamber 
after surface sterilization and seeds began to germinate after 
approximately 7 days. After the fourth leaves of the plants grown 
on MS medium were formed at the end of 17 days, leaf, root and 
stem tissues were harvested and used in experiments (Figure 1).

3.2 RNA isolation and qPCR analysis

50 µM MG132 proteasome inhibitor treated L. esculentum 
root, stem and leaf tissues expression analysis results of SLGR1, 
SLPhGPX, SLCAT1, SLFe-SOD, SLGPX, SLCu/Zn-SOD, SLcAPX 
and SLGST genes are given in Figures 2 and 3. The bars in the 
graphs show the standard error (± SH) in 3 replicate experiments. 
Significant change of SLGR1, SLGPX, SLCu/Zn-SOD, SLGST 
genes after qPCR analysis is summarized in the graphs given 
in Figure 2.

Expression of the SLGR1 gene increased 1.30 times as a 
result of 50 µM MG132 treatment in the root, while there was 
no significant change in leaf and stem tissue. In addition, while 
the expression of the SLGPX gene increased 2.71 times in leaf 
tissue, there was no significant change in root and stem tissue. 
Although the expression of SLCu/Zn-SOD gene increased 
2.43 times in leaf tissue, there was a decrease in root and stem 
tissues compared to leaf tissue.

However, there was no significant change in root and stem 
tissue compared to the actin gene. While expression of SLGST 
gene increased 5.45 times in leaf tissue and 2.63 times in root 
tissue; no significant change in stem tissue was observed.

The effect of proteasome inhibition on the expression of 
SLPhGPX, SLCAT1, SLFe-SOD and SLcAPX genes in L. esculentum 
root, stem and leaf tissue is shown in Figure 3. The administration 

Table 1. Primer sequences of the antioxidants-related genes used in qPCR experiment.

Primers Accession (SGN)
Forward

References
Reverse

SlGR1 Solyc09g091840
5’TTGGTGGAACGTGTGTTCTT3’

Martinez et al. (2018)
5’TCTCATTCACTTCCCATCCA3’

SlPhGPX Solyc06g073460
5’TGGCTTGAGCACTACAGGTG3’

Martinez et al. (2018)
5’TTTCGTAGGCAGGGAAGAAG3’

SlCAT1 Solyc12g094620
5’TGATCGCGAGAAGATACCTG3’

Martinez et al. (2018)
5’CTTCCACGTTCATGGACAAC3’

SlCu/Zn-SOD Solyc11g066390
5’GGCCAATCTTTGACCCTTTA3’

Martinez et al. (2018)
5’AGTCCAGGAGCAAGTCCAGT3’

SlcAPX Solyc06g005160
5’TCTGAATTGGGATTTGCTGA3’

Martinez et al. (2018)
5’CGTCTAACGTAGCTGCCAAA3’

SlGST Solyc01g086680
5’AGCTCAAATGCACAATAAGCAGG3’

Designed in this study
5’TCCTGGCAGGCATTTTGTCT3’

SlFe-SOD Solyc06g048410
5’GGAGAACCCAAAAGAAACAATTTGG3’

Designed in this study
5’TGAGGCTCCAAAGCATCCAT3’

SlGPX Solyc08g080940
5’CTCGCGTTCTTCTCATCCCA3’

Designed in this study
5’GGTAAAACTGTTCGGATCGGC3’

SlActin Solyc03g078400
5’CCTCAGCACATTCCAGCAGA3’

Designed in this study
5’CAGACAGGACACTCGCACTT3’

Figure 1. (A) represents seeds of L. esculentum dried for 24-48 hours; 
(B) represents day old plants on MS medium; (C) represents 17 day 
old plants; (D) represents control DMSO and MG132 proteasome 
inhibitor treatment.
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Figure 2. Graphs of expression levels of SLGR1, SLGPX, SLCu/Zn-SOD, 
SLGST genes in L. esculentum leaf, root and stem tissue as a result of 
qPCR analysis.

Figure 3. Graphical representation of the expression levels of SLPhGPX, 
SLCAT1, SLFe-SOD and SLcAPX genes in L. esculentum leaf, root and 
stem tissue as a result of qPCR analysis.

Figure 4. Diagram showing the expression of each gene for leaf, root 
and stem tissue.

short life cycle. It is also a good source of antioxidants. Various 
compounds of fruits have been reported to have antioxidant 
and anticancer properties and have been used in health studies 
(Abewoy Fentik, 2017; Giovannucci, 1999; Lenucci et al., 2006; 
Raiola et al., 2014).

In plants, salinity, drought, high light and toxicity from 
metals increase the production of reactive oxygen species (ROS) 
in the cell. ROS also causes oxidative stress and degradation of 
biological macromolecules (lipids, carbohydrates, proteins and 
nucleic acids). It is known that proteolysis mechanism is known 
to be important in growth, development, protein synthesis and 
organelle biogenesis processes in organisms. The degradation of 
proteins involved in these stages provides cellular homeostasis.

Ubiquitin-proteasome system (UPS) is the main mechanism 
that provides the degradation of proteins transferred from the 
cytoplasm and nucleus in eukaryotes (Bolwell, 2001). Proteasome 
inhibitors are used to inhibit proteasome activity in laboratory 
experiments (Kisselev & Goldberg, 2001). When the proteasome 
system is inhibited, damaged, misfolded and short-lived proteins 
accumulate inside the cell. Moreover, DNA breaks and high 
levels of ROS are produced (Kim et al., 2003; Stadtman & Berlett, 
1998). Previous studies have shown that ROS production in 
cells is increased as a result of proteasome inhibition. Plant 
genomes are known to encode more UPS components than 
other eukaryotes. This indicates that UPS performs important 
functions in various cellular processes in plants. Antioxidant 
enzyme activities in plants are one of the important mechanisms 
of resistance against oxidative stress that turn ROS into harmless 
compounds, which reach high levels due to proteasome inhibition 
stress. Moreover, it is known that proteasomes act as a direct 
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regulatory mechanism of ROS production. MG132 is widely 
used to block the proteolytic activity of the 26S proteasome 
complex and causes the formation of reactive oxygen species 
(Han et al., 2010; Wu et al., 2002). In Arabidopsis, 26S proteasome 
function was inhibited by the MG132 proteasome inhibitor, and 
a significant increase in HsfA2 (Heat shock transcription factor 
A2) expression in response to oxidative stress was reported 
(Nishizawa-Yokoi et al., 2010). A current study characterizing 
the global gene profile of MG132 showed that inhibition of the 
proteasome led to gene expression alterations at the transcription 
level associated with protein metabolism, oxidative stress, GSH 
activity, and cell cycle control (Yu et al., 2010). In a study with 
white spruce (Picea glauca), the role of the ROS and ubiquitin-
proteasome pathway in regulation was investigated, and it was 
reported that inhibition of proteasome with MG132 treatment 
increased CAT activity (He & Kermode, 2010). Consequently, 
the ubiquitin-proteasome pathway appears to modulate ROS 
scavenging enzymes. In this study, a reversible and synthetic 
peptide aldehyde group proteasome inhibitor MG132 was used to 
induce the oxidative stress and the expression alterations of SLGR1, 
SLPhGPX, SLCAT1, SLFe-SOD, SLGPX, SLCu/Zn-SOD, SLcAPX 
and SLGST genes, which are known related with antioxidant 
mechanisms, were demonstrated.

Catalase (CAT) is an enzyme that converts hydrogen 
peroxide (H2O2) to water (H2O) and oxygen (O2) weighing about 
200-340 kDa. Multiple catalase forms have been identified in 
various plants in previous studies. In maize catalases are divided 
into three isoenzyme groups known as CAT1, CAT2 and CAT3, 
and these isoenzymes are encoded by the Cat1, Cat2 and Cat3 
structural genes, respectively. In A. thaliana, catalase has been 
found to be encoded by a small family of genes, which are three 
gene members called cat1-3. It has been shown in previous 
studies that catalase genes have different effects in Arabidopsis 
(Li et al., 2015; Mhamdi et al., 2010). The expression of each 
of the Cat genes is known to be highly regulated with subject 
to time and various environmental signals (Scandalios et al., 
1997; Zámocký et al., 2012). The increase in catalase activity 
under multiple abiotic stress conditions was reported in several 
studies (Karam et al., 2017; Mahmud et al., 2017; Zhou et al., 
2017). Our results showed that there was no significant change 
in the expression of SlCAT1 gene encoding L. esculentum CAT1 
isoform in root, stem and leaf tissue. The role of the catalase 
enzyme in the cell is to detoxify H2O2 to protect the cells from 
oxidative damage. However, the efficiency of CAT protecting 
cells from H2O2 is very limited. The reason for this is that CAT’s 
interest in H2O2 is lower compared to other enzymes and its 
inactivated in the presence of light (Prasad, 1997). According 
to this information, it is doubtful to consider the activity of 
the catalase enzyme or the change in catalase genes as a stress 
marker in plants. In this study, the absence of a significant 
change in SlCAT1 gene in response to oxidative stress caused 
by proteasome inhibition suggested that catalase may be due 
to less interest in H2O2.

According to a study in transgenic poplar plants, it has 
been reported that the activity of Fe-SOD (one of the isoforms 
of SOD) increases under low CO2 conditions and this has a 
protective effect on photosystem II (PSII) (Arisi et al., 1998). 
In a study in Arabidopsis, FSD2 gene expression increased in 

response to high light stress from three Fe-SOD genes (FSD1, 
FSD2 and FSD3) under oxidative stress conditions. However, it 
has been reported that there is no change in the expression of 
FSD2 gene against ozone stress (Kliebenstein et al., 1998). Avcı 
Duman et al. (2016), reported that in Amsonia orientalis, H2O2 
and MDA levels increase in parallel with increasing salt stress 
concentrations and salt stress inhibits Fe-SOD and Cu/Zn-SOD 
activities as a result of electrophotometric analyzes. In this study, 
it was determined that there was no significant change in the 
expression of the SLFe-SOD gene in root, stem and leaf tissue. 
These results may indicate that Fe-SOD activity is not effective 
in response to oxidative stress caused by proteasome inhibition 
in L. esculentum, or increased H2O2 level in accordance with 
other studies may cause Fe-SOD inactivation.

The Cu/Zn-SOD enzyme is found only in eukaryotes and 
its various forms have been described in plants. The superoxide 
radical formed due to oxidative stress is converted into H2O2 and 
molecular oxygen with the enzyme Cu/Zn-SOD and provides 
the conversion of H2O2 to oxygen and water with APX and CAT 
enzymes. In plants, an increase in Cu/Zn-SOD gene expression 
has been reported under abiotic and biotic stress conditions (Van 
Camp et al., 1994; Wu, et al., 2016; Zhang et al., 2017). In this study, 
SLCu/Zn-SOD gene encoding Cu/Zn-SOD3 form was studied 
in L. esculentum. SLCu/Zn-SOD gene expression was increased 
2.43 times in leaf tissue with proteasome inhibition in accordance 
with other studies and providing an antioxidant defense response 
for the transformation of superoxide radicals in cells.

APX is one of the most important antioxidant enzymes that 
provide detoxification of H2O2 in plants under stress conditions 
(Asada, 1992; Scandalios et al., 1997; Wang et al., 1999). In a 
study of transgenic tomato plants (Lycopersicon esculentum L.), 
overexpression of the cytosolic APX gene has been shown to 
improve oxidative damage caused by cold and salt stress (Wang et al., 
2005). In addition, some studies have shown that the activity 
of APX decreases under stress conditions. It has been reported 
that tAPX (tilacoid-bonded) and sAPX (soluble) may inactivate 
under severe stress conditions such as heavy metal toxicity or 
drought in plants (Kitajima, 2008; Liu et al., 2008). Similarly, 
it was reported that APX activity decreased in L. esculentum 
and L. peruvianum plants applied drought stress compared to 
the control group (Ünyayar et al., 2005). In our study, it was 
determined that there was no significant expression change of 
the cytosolic SLcAPX gene with APX isoform in L. esculentum 
root, stem and leaf tissues. Studies show that enzyme activities 
and gene expression vary depending on the stress application 
time, intensity and species of the plant. According to the results 
obtained from this study, APX is not effective in cleaning ROS 
caused by proteasome inhibition in L. esculentum.

GPXle-1 is a GPX isoform with glutathione peroxidase 
activity, located in mitochondria and cytoplasm. GPXle-1 has 
been associated with oxidative stress response, similar to other 
GPX forms. It is known that the level of GPX mRNA in various 
organisms is affected by stress conditions (Bela  et  al., 2018; 
Islam et al., 2015; Sugimoto & Sakamoto, 1997). Additionally, 
it is known that GPX enzymes act on H2O2 and respond 
against oxidative damage and provides the destruction of lipid 
hydroperoxides with GSH and plays a role in preventing cellular 
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change significantly in all three tissues as a result of proteasome 
inhibition indicating that these genes may not be effective in 
ROS clearance caused by proteasome inhibition. Consequently 
our results suggest that the association between proteasome 
system and the antioxidant mechanism contributes to develop 
abiotic stress tolerant plant species.
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