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Abstract: Drought stress is a significant factor limiting crop growth and production. In
this experiment, the effect of hydrogen peroxide (H202) application on water-stressed
corn plants was investigated using various biochemical and molecular methods. Corn
seedlings grown in hydroponic culture were treated with 2 mM H20: and subsequently
exposed to water stress using polyethylene glycol 6000 at three levels: 0, -2 bar, and -4
bar. The results showed that drought stress significantly altered all of the studied traits.
With an increase in stress levels, the activity of the catalase enzyme was decreased, and
the highest drop, 50%, occurred eight days after stress. It was revealed that catalase
activity increased by up to 18% on the second day after the stress, but it decreased
significantly over time. The indigenous accumulation of H20:2 increased significantly in
the -4 bar treatment four days after stress, while it was reduced by 50% on the eighth
day post-stress. It was revealed that H2O2 application increased PAO gene expression
1.7 fold compared to the control plants. Its expression was decreased by 35% at -4 bar
in control plants, while H20: treatment increased its expression by 2.8 times. These
results indicate that H2O2 application enhanced tolerance to drought stress in corn
plants.
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Introduction

Corn is a vital crop used for both human
consumption and livestock feed. Similar to other
plants, corn is affected by many abiotic stresses
throughout its growth period. Among these
stresses, water scarcity stands out as one of the most
important  environmental factors  strongly
impacting corn production. Insufficient water
during the initial growth phase diminishes the
survival rate of seedlings, elevates abortion rates,
and ultimately leads to a decrease in yield (Farooq
et al.,, 2009). To overcome the problems caused by
drought stress, plants deploy several strategies,
including escape, tolerance, and resistance
mechanisms. Many of these responses result from
the expression of inducible genes during
physiological, biochemical, and molecular defense
mechanisms. For instance, the physiological
processes involved in biotic (Ramezani et al., 2017)
and abiotic (Mahdavian et al, 2021) defense
responses. Different genetic engineering
approaches have been employed for more than four
decades to improve plant tolerance to different
biotic and abiotic stresses (Dehestani et al., 2010;
Dolatabadi et al, 2014). To achieve this goal,
studying physiological responses and the diverse
expressions of genes is crucial for comprehending
the intricate physiological mechanisms involved in
responding to drought stress.

Corn seedlings subjected to drought stress
conditions exhibit various physiological responses,
including reduced cell expansion, leaf curling,
reduced CO: exchange, diminished chlorophyll
content and photosynthetic efficiency (Mittler,
2006). Gongalves et al. (2019) observed a decrease in
net photosynthesis rate, relative growth rate, leaf
area index, grain yield, and harvest index due to
drought stress. Chen et al. (2015) demonstrated in
their study that drought stress damages both the
recipient and receptor components of photosystem
II, including the photosystem reaction center II, and
the photosystem receptor part I which eventually
reduces the efficiency of electron transfer and
photosynthesis.

Numerous studies have been conducted to identify
genes associated with metabolic and regulatory
enzymes, as well as photosynthesis in response to
drought stress. In an experiment, Wang et al. (2018)
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investigated the effects of drought stress on the
physiological responses and gene expression of
corn seedlings. They observed that drought stress
strongly affected water content, leaf size, and
photosynthetic ~ parameters, resulting in a
substantial decrease in seedling growth. They also
observed that several genes with different
expression patterns under stress conditions,
influencing both photosynthetic and hormone
biosynthesis systems. These genes with distinct
expressions have the potential to be utilized in
enhancing and refining drought-tolerant corn lines.
When plants are subjected to stress, the plant’s
antioxidant system is activated. This activation
involves an increase in the activity of the catalase
enzyme, which serves as the primary defense
barrier against the assault of oxygen radicals. In this
way, the system resists the damage caused by
drought stress (Maiti and Satya, 2014). As long as
the plant can control the amount of superoxide
produced in the plant, this process continues. To
achieve  this, non-enzymatic  antioxidants
collaborate with scavenging enzymes like catalases
and peroxidases to eliminate hydrogen peroxide
(H20z). Therefore, knowledge of antioxidant genes
and enzyme activities at a specific level of drought
tolerance can be beneficial. Studies indicate a
correlation between drought tolerance and
antioxidant defense capacity (Farooq et al., 2009).

Tolerance inducers are biological or chemical
factors that trigger various defense responses
during stress, leading to notable changes in
physiologic  (Barzegargolchini et al, 2017),
antioxidative (Moradi et al., 2016), and metabolic
(Ramezani et al., 2017) functions. The foliar
application of HxO: results in an increase in
photosynthetic pigments, water content, and lipid
oxidation rate, coupled with a reduction in cellular
H20:. Simultaneously, it enhances the activity of
antioxidant enzymes such as catalase, superoxide
dismutase and ascorbate peroxidase, glutathione
reductase, and malondialdehyde (MDA). This
increased tolerance to drought stress is attributed to
the modulation of the antioxidant system (He and
Gao, 2009; Guler and Pehlivan, 2016). In a study
investigating the foliar application of H:0: to
alleviate the effects of drought stress in soybean,
Ishibashi et al. (2011) demonstrated that the
application of this substance reduced the wilting of
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leaves and increased the rate of net photosynthesis
and stomatal conductance in the leaves. This
research aims to investigate the effect of the
externally applied H20: on drought stress, and the
biochemical and molecular responses of corn plants.

Materials and Methods

Plant growth and treatment

The seeds of a single cross hybrid “704” corn plant
were grown under hydroponic conditions using
Hoagland’s solution in a greenhouse with 16 hours
of light at a temperature of 25°C and 8 hours of
darkness. After germination and establishment of
seedlings, foliar application of H20: (2 mM) was
administered at 21 days of age. Subsequently, at 28
days of age, drought stress was applied using
polyethylene glycol 6000 at three different levels (0,
-2 bar, - 4 bar). After the application of drought
treatment, leaf samples were collected on day 28 at
the 4-leaf stage, with stress duration (period) of 1, 2,
4, and 8 days. This experiment was carried out with
three replications in a factorial experiment designed
with a completely randomized (CRD) layout. Leaf
samples were placed in liquid nitrogen immediately
and transferred at -80 °C for further molecular and
enzyme analysis. The data were subjected to the
analysis of variance using SPSS-19 software. Means
were statistically compared by Duncan test at P <
0.01 level.

Measurement of metabolites

Hydrogen peroxide

Leaf H20: content was measured using 0.1%
trichloroacetic acid solution. Thus, 0.2 grams of
powdered leaves were mixed with 1800 microliters
of TCA solution in liquid nitrogen. After 12000g
centrifugation, the liquid phase was used to
measure H20z. To 0.5 ml of liquid phase prepared
above, we add one ml of IM KI and 0.5 ml of 10 mM
phosphate buffer (pH=7). The sample was placed in
the dark at room temperature for 15 minutes and
then the absorbance was read at 390 nm. H2O2
standard in concentrations of 100 to 250 nanomoles
was used to draw the standard curve (R2=0.98,
Y=0.4349X+ 0.0771), (Alexieva et al., 2001).

Measurement of total phenolic contents
About 0.2 gr of powdered leaves were combined
with 1800 microliters of pure methanol. Then it was
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placed in an ultrasonic bath for 30 minutes. After
centrifugation (10 minutes — 1000 g), the liquid
phase was used to measure the amount of phenolic
compounds. 100 microliters of methanol extract
were combined with 200 microliters of 10% folin
reagent, and then 800 microliters of sodium
carbonate were added to it and left at room
temperature for 3 hours. The absorbance was read
at 765 nm, and the amount of total phenolic
compounds was calculated based on gallic acid
standard (concentrations 0 to 10 ug/ml, Y=0.0197X +
0.0019, R2=0.98) (Singleton and Rossi, 1965).

Antioxidant enzyme activity assay

Preparation of enzyme extract and estimation of
protein content

Powdered leaves (0.1 gr) were homogenized in
liquid nitrogen with 1800 microliters of cold
potassium  phosphate buffer (pH=7.5) and
subsequently centrifuged for 20 minutes at 12,000 g
at 4 °C. Then the liquid phase was removed and
kept in a freezer at -20 °C for further studies. The
amount of extracted protein was estimated using
the method of Bradford. For this purpose, 40
microliters of enzyme extract were combined with
960 microliters of Bradford’s reagent and after 20
minutes, the absorption of the samples was
recorded at a wavelength of 530 nm. A standard
curve was drawn using Bovine Serum Albumin
(BSA) (Y=0.019 X + 0.027, R2=0.98). This parameter
was used to correct the amount of enzyme activity.

Catalase enzyme activity

Catalase enzyme activity was assessed by recording
the decrease in absorbance at 240 nm (Aebi, 1984).
The reaction components included 2.450 ml of 50
mM phosphate buffer (pH=7), 0.5 ml of 7.5 mM
H20z, and 50 microliters of enzyme extract. After
adding H20;, the reaction started and the 240 nm
decrease in absorbance was estimated in 3 minutes
(every 30 seconds). Catalase enzyme activity was
calculated by the method of Bergmayer (1983).

RNA extraction, cDNA, and RT-PCR

Total RNA was extracted from leaf samples by
Threezol (Riragene, Iran), and RNA quality was
determined by spectrophotometry and agarose gel
electrophoresis. ¢cDNA was made using the
SinnaClone kit. For this purpose, first, 5 microliters
of RNA treated with Dnasel was mixed with 1
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microliter of primer oligo(dt), 1 microliter of10 mM
dANTP mix and 3 microliters of DEPC water, and
placed at 70 °C for 5 minutes. Then it was placed on
ice for 2 minutes. Four microliters of 5X buffer, one
microliter of MMuLV enzyme, one microliter of
RNase inhibitor, and four microliters of DEPC
treated water were added to the above solution and
placed at 42 °C for 50 minutes. Then it was placed at
a temperature of 85 °C for 5 minutes. Finally, the
reaction product was kept in a freezer at -20 °C.
ABI-step one plus real-time PCR machine was used
to check gene expression. Each 12-microliter
reaction contained 6 microliters of SYBR green
master mixs (Amplicon), 15 micromoles of each
primer, and 2 microliters of diluted cDNA (five-
fold), and nuclease-free water. The PAO gene was
designed using prime software and NCBI database
data (Table 1). The GAPDH gene was used as a
reference gene.

Results

The overall results demonstrated significant effects
of the treatments, namely drought stress and
exogenous application of H20;, on the studied traits

(Table 2).

Catalase activity

The amount of catalase enzyme activity did not
show significant changes on the first day after
drought stress. However, on the second day, it
significantly decreased under -4 bar stress
compared to the control. In addition, it was
decreased at -2 and -4 bar levels. Upon eighth-day
stress period, it showed a decrease of 18% at -4 bar
stress level. The most substantial decrease in the

Table 1. Primer sequences used for the real-time PCR.
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amount of catalase enzyme activity, compared to
the initial control, occurred at -4 bar stress on the
eighth day following the stress, reaching less than
half of the initial level (Figure 1-a). The use of H202
on the first day resulted in a decrease in the amount
of catalase enzyme, but on the second day, we saw
a significant increase in the enzyme level, and on the
eighth day, a 35% decrease in the amount of catalase
activity was observed (Figure 1-b). With the
increase of drought stress, the amount of catalase
enzyme decreases, and in the stress of -4 bar, we saw
a decrease in the activity of catalase enzyme by
about 16%, and the use of peroxide inducer
increased the amount of enzyme at the beginning,
and there was a significant decrease in the activity
of catalase enzyme on the eighth day stress period
(Figure 1-c).

Hydrogen peroxide assay

On the first and second days after drought stress,
the amount of H202 decreases at the level of -4 bar.
However, over the four-day drought stress period,
we observed an increase in the amount of H20: at
the -4 bar level and a decrease at the -2 bar level. On
the eighth day after the stress, we again observed a
significant decrease in the amount of H20: at the -4
bar level (Figure 2-a). By foliar application with
H20: inducer on the second and fourth days of the
stress, the amount of internal H202 was increased.
But on the eighth day period, compared to the first
day, its quantity was reduced by 50% (Figure 2-b).
The foliar application of H202 at the stress of -2 bar
level resulted in a 20%increase in the HxO2
concentration (Figure 2-c).

Gene name

Forward Sequence

Reverse Sequence

GAPDH CCCTTCATCACCACGGACTA

Polyamine oxidase (PAO)

GCAAGTACCATGTCCAGGG

CTCACCCCACGGGATTTC

CGAGGGAACATGGCTGTCA
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Table2. Analysis of variance for the effect of treatments on studied traits.

S.0.V df CAT Phenol H:0: Protein
Treat(T) 1 0.001** 0.009* 0.529** 0.009ns
Stress(S) 2 0.001** 0.002ns 2.018** 0.001rs

Period (P) 3 0.009** 0.047** 6.797** 0.002rs
TxS 2 0.001ns 0.018** 1.453** 0.145**
TxP 3 0.003** 0.015** 0.479** 0.012**
SxP 6 0.001** 0.01** 0.846** 0.012*6

TxSxP 6 0.002** 0.012** 1.101** 0.005ns

Error 48 0.001 0.001 0.07 0.002

% CV 8.65 13.81 11.32 10.23

*, ** Significant at the 5% and 1% levels of probability respectively, and ns (non-significant)
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Figure 1. Effects of drought stress (3 levels) at four periods (a), inducer and periods (b), and inducer and drought stress on
catalase activity (c).

Journal of Plant Molecular Breeding | www.jpmb-gabit.ir


http://www.jpmb-gabit.ir/
https://www.frontiersin.org/journals/plant-science#articles

Valizade et al.

Total phenolics content

On the first day, there was no change in the phenol
content. However, on the second day, a significant
increase in the amount of phenol was observed at
the stress of -2 bar level. From the fourth day, the
phenol content was increased by 14% and 26%, at
the -2 and -4 bar levels, respectively. On the eighth
day after stress, the amount of phenol was reduced
again at the level of -4 bar (Figure 3-a). Using H20»
on the first days after stress increased the amount of

HO
nmol.gFW-!

HO
nmol.gFW!
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phenol. But from the 8th day after stress, the
amount of phenol decreased (Figure 3-b).
Application of H20: at -2 bar stress level caused a
20% increase in the amount of phenol. In the first
days after the stress, the application of H2O: at the
level of -2 bar caused a 20% increase in the amount
of phenol, and with the continuation of the drought
stress and on the eighth day after the stress, we saw
a 15% decrease in the amount of phenol (Figure 3-

C).

® Control

= H,0,

Figure 2. Effects of drought stress (3 levels) at four periods (a), inducer and period (b,) and inducer and drought stress on H20:

content (c).
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Total protein content

The protein content did not change significantly on
the first days of stress. However, on the eighth day
following drought stress at -2 and -4 bar, an increase
of 18.5% and 21.5% was observed, respectively
(Figure 4-a). The application of H202 on the first
days after drought stress did not have any
significant changes in the amount of protein. But on
the eighth day period of stress, the protein
concentration increased by 17% (Figure 4-b). In non-
stressed conditions, the use of H20:1led to a decrease
in the amount of protein, but in drought stress of -4
bar, it increased by 31% (Figure 4-c).
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PAO gene expression:

The expression of the PAO gene was increased 1.7
fold compared to the control under normal
conditions with the use of a H20Oz inducer. Applying
-4 bar stress during four-day stress period,
decreased the expression level in the control sample
by 35%, and the treatment with H2O: stimulus at
this stress level increased the expression level of this
gene by 2.8 fold. The glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene was used as an
internal control gene (Figure 4-d).

® Control
m-2
w4

m Control
= H.0,

Figure 3. Effects of drought stress (3 levels) at four periods (a), inducer and period (b) and inducer and drought stress on total

phenolic content (c).
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Figure 4. Effects of drought stress (3 levels) at four periods (a), inducer and period (b) and inducer and drought stress on total
phenolic content (c), and effects of drought stress and inducer on PAO gene expression (d).
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4. Discussion

Drought is critical environmental stress, especially
prevalent in arid and semi-arid regions worldwide,
significantly impacting plant yield. Drought stress
disrupts physiological and biochemical processes,
posing challenges to crop production. The response
to drought stress is a highly intricate process.
Indeed, drought stress influences plants from
various aspects and manifests at different
morphological, biochemical, and molecular levels.
This includes impeding growth, the accumulation
of compatible organic substances, and alterations in
the expression of stress-responsive genes. Drought
stress results in the generation of large amounts of
reactive oxygen species (ROS), leading to oxidative
stress (Hussain et al.,, 2018). Drought stress also
leads to alteration in metabolic processes, steering
them towards biosynthesis of the secondary
metabolites. Consequently, there will be an upsurge
in the biosynthesis of important bioactive
compounds such as polyphenols, terpenoids, and
alkaloids. To alleviate the damage caused by ROS,
plants deploy antioxidant mechanisms that
encompass non-enzymatic components,
polyphenols,  ascorbate, and  glutathione,
carotenoids, as well as enzymes such as catalase,
superoxide dismutase, ascorbate peroxidase,
peroxidase, polyphenol oxidase, and glutathione
reductase. The activity of both enzymatic and non-
enzymatic antioxidants is crucial in scavenging
ROS. This will enhance the plant’s ability to tolerate
stress (Agarwal and Pandey, 2004).

Antioxidant enzymes such as ascorbate peroxidase
(APX), catalase (CAT), and superoxide dismutase
(SOD)play a protective role in safeguarding the
photosynthetic systems of plants exposed to
environmental stress (Cavalcanti et al, 2004).
Catalase enzyme destroys H20: produced in
photorespiration pathways inside peroxisomes
(Mittler, 2002). Catalase is an antioxidant enzyme
that halts the chain reactions of free radicals and
protects plants against oxidative stress by
eliminating H20: (Rukmini et al., 2004). In the
present study, a significant decrease in catalase
enzyme activity was observed concomitant with the
increase in drought levels. The most substantial
decrease occurred at the -4 bar level, specifically on
8 days post- stress, where the activity was halved.

2022 | Volume 10 | Issue 1

The elevation in the amount of H:0:-type ROS
under -4 bar stress conditions, coupled with the
persistence of these conditions, resulted in the
reduced activity of antioxidant enzymes including
catalase.

The H20: foliar application led to an increase in the
amount of catalase enzyme by up to 18% on the
second day following stress. However, its
concentration was decreased significantly with
ongoing drought stress particularly by the eighth
day. Similar results were reported in drought stress
(Ahmed et al., 2022) and salinity stress (Abdel Latef
et al., 2019). Catalase is one of the iron-containing
proteins and it is activated in plant cells when the
amount of h202 in the environment is high. Catalase
plays an important role in removing H20: in
peroxisome. Antioxidant enzymes such as catalase
play an effective role in tolerance to drought stress
(Hameed et al, 2013). Catalase enzyme, as a
compatible osmolyte and anti-ROS enzyme, while
protecting macromolecules and cell membranes,
neutralizes the damage caused by ROS caused by
drought stress (Hameed et al., 2013).

Reactive oxygen species (ROS) are produced in
various plant cellular organelles including
chloroplast, mitochondria, and peroxisomes under
normal conditions as part of the processes involved
in the electron transport chain of respiration and
photosynthesis. Disturbance in oxidant-antioxidant
balance and growth conditions in plants increases
the cellular concentration of ROS (O, H20:, and
OH). Among these, H20: acts as a stress signal
transmitter due to its relative stability compared to
other ROS and its diffusion capacity through the
membrane and intercellular space and is involved
in various physiological functions in plants (Anjum
et al., 2022). During evolution, plants develop an
effective ROS removal system that includes a set of
enzymatic and non-enzymatic antioxidants to
control excess ROS generated in cells (Singh et al.,
2020). Treatment with H>O2 helps in stress tolerance
by starting the ROS removal mechanism in different
plants (Dikilitas et al., 2020). Ahmed et al. (2022)
stated during an experiment that drought stress
increases the concentration of internal H20: and
spraying with H2O: reduces its concentration,
which effectively reduces the effects of oxidative
stress. In this experiment, we saw a 22% increase in
the amount of internal H20O: at -4 bar stress and on
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the fourth day after the stress, and with the
continuation of the stress on the eighth day, we
again had a decrease in the amount of internal H202
at the level of -4 bar. The external application of
H20: caused a 32% decrease in the amount of
internal h202 on the eighth day after stress. H20z
foliar application at the level of -2 bar increased the
concentration of internal H202 by 20%, which is due
to the low intensity of stress and the activation of
the internal messenger system. Similar results were
reported by Guler and Pehlivan (2016) in soybean,
in mustard under stress (Alam et al., 2013), and in
wheat under stress (Abdel Latef et al., 2019). H20O:
serves as a messenger molecule that plays
multifaceted functions at different levels in plants.
This molecule, in collaboration with hormones and
other messenger molecules, regulates the
metabolism of plants, thereby contributing in stress
tolerance (Smirnoff and Arnaud, 2019).

In an experiment, the effect of different stresses
including drought, salinity, cold, and heat was
investigated on four wheat cultivars by Kamal et al.
In this experiment, on the 8th day after drought
stress at -2 and -4 bar levels, the amount of total
protein increased by 18.5% and 21.5%, respectively.
The use of H20: under stress conditions of -4
increased the amount of protein by 31%. Drought
stress leads to the alteration of metabolic processes
towards biosynthesis activities. Therefore, the
biosynthesis of proteins increases (Agarwal and
Pandey, 2004).

Phenolic compounds, encompassing flavonoids and
tannins, are the most abundant secondary
metabolites that assume diverse molecular and
biochemical functions within plants. They
contribute to essential processes, including the
scavenging of free radicals, mediation of auxin
transport, participation in signaling pathways, and
bolstering plant defense mechanisms (Soleimani et
al., 2022). These multifaceted roles underscore the
significance  of = phenolic = compounds in
orchestrating various physiological and protective
aspects vital for the overall well-being and
resilience of plants (Kiani et al., 2021; Soleimani et
al., 2022). In the current study, an elevation in
phenol levels was observed on the second day
following exposure to stress level of -2 bar. By the
fourth day, under stresses of -2 and -4 bar, the
phenol content demonstrated an increase of 14%
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and 16%, respectively. Additionally, the foliar
application of H20O2 foliar application on the first
and second days after stress contributed to the
augmentation of phenol levels. On the eighth day
under a stress level of -4 bar, the amount of phenol
decreased by 15%. Desoky et al. (2021) stated that
increasing the levels of drought stress led to an
increase in proline, phenol, and flavonoid content;
thereby the highest amount was observed in the
drought stress of -10 bar. Increasing the
concentration of phenol is effective in eliminating
free radicals and inhibiting lipid peroxidation
(Blasco et al., 2013). In many studies, a positive
correlation between phenolic content and
antioxidant activity has been reported, and some of
the mechanisms of antioxidant activity of these
compounds are inactivating lipid free radicals and
preventing the decomposition of hydroperoxides
into free radicals, as well as their ability to chelate
metal ions (Banerjee and Roychoudhury, 2019).
Researchers stated that the tolerance of some plants
against environmental stresses including drought,
can be related to the accumulation of phenolic
compounds in these plants. One of the important
features of phenolic compounds is the antioxidant
property that is related to the hydroxyl groups in
their molecular structure (Halliwell and Gutteridge,
2015; Sehar et al., 2021).

Polyamines (spermidine and spermine) are
involved in a complex messenger network and play
an essential role in stress tolerance (Pal et al., 2015).
Polyamine oxidase (PAO) oxidizes spermidine
(Spd) and spermine (Spm) (Flores and Filner, 1985).
Most of the polyamine biosynthetic genes are up-
regulated by abiotic stresses despite a difference in
timing and the degree of induction (Liu et al., 2011;
Wang et al., 2011). The application of polyamines
can modulate drought responses (Li et al., 2014;
Ebeed et al, 2017). In this experiment, the
expression level of the PAO gene in the control
sample decreased by 35% on the fourth day of -4 bar
stress, whereas the exogenous application of H0:
increased the expression by 2.8-fold. As a result, the
expression of PAO gene increases with HxO2

spraying.

Conclusion
The results of the analysis indicate that drought
stress significantly altered the amount of internal
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H20;, catalase enzyme, phenolic compounds, and
protein content. Additionally, this stress condition
induced oxidative damage and an increase in ROS.
The expression level of the PAO gene experienced a
35% decrease under -4 bar drought conditions.
Treatment with H20: stimulus at this stress level
increased the expression level of this gene by 2.8
times, thereby mitigating the negative effects of
drought stress. As a result, foliar application of a
low dose of H202, taking into account its role in
signaling and the regulation of gene expression,
yielded significant effects on the levels of
investigated compounds. Ultimately, this approach
is anticipated to reduce the damage caused by
drought stress.
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References

2022 | Volume 10 | Issue 1

Author Contributions

AD designed research; HV performed research and
analyzed the data; SN, PM, and AD interpreted the
data and were major contributors in writing the
manuscript and revising it critically; All authors
read and approved the final manuscript.

Funding

This study was conducted using funds provided by
Gorgan University of Agricultural Sciences and
Natural Resources and Genetics and Agricultural
Biotechnology Institute of Tabarestan (GABIT).

Acknowledgments

The authors would like to express their gratitude to the
laboratory staff of GABIT for their valuable technical
assistance.

Conflicts of Interest
The authors declare no conflict of interest.

Abdel Latef, A.A.H., Kordrostami, M., Zakir, A., Zaki, H., and Saleh, O.M. (2019). Eustress with H2O2 facilitates
plant growth by improving tolerance to salt stress in two wheat cultivars. Plants 8(9): 303. doi:

10.3390/plants8090303.

Aebi, H. (1984). "Catalase in vitro," in Methods Enzymol. (Netherlands: Elsevier), 121-126.
Agarwal, S., and Pandey, V. (2004). Antioxidant enzyme responses to NaCl stress in Cassia angustifolia. Biol

Plant 48(4): 555-560.

Ahmed, M.T., Abdullah, H., and Kuo, D.-H. (2022). Highly efficient photocatalytic H20: generation over
dysprosium oxide-integrated g-C3N4 nanosheets with nitrogen deficiency. Chemosphere 307: 135910.

Alam, M.N.,, Bristi, N.J., and Rafiquzzaman, M. (2013). Review on in vivo and in vitro methods evaluation of
antioxidant activity. Saudi Pharm | 21(2): 143-152. doi: 10.1016/j.jsps.2012.05.002.

Alexieva, V., Sergiev, 1., Mapelli, S., and Karanov, E. (2001). The effect of drought and ultraviolet radiation on
growth and stress markers in pea and wheat. Plant Cell Environ 24(12): 1337-1344.

Anjum, N.A,, Gill, SS., Corpas, FJ., Ortega-Villasante, C., Hernandez, L.E., Tuteja, N. Sofo, A,
Hasanuzzaman, M., and Fujita, M. (2022). Recent insights into the double role of hydrogen peroxide

in plants. Front Plant Sci 13: 843274.

Banerjee, A., and Roychoudhury, A. (2019). "Abiotic stress tolerance in plants by priming and pretreatment

with hydrogen peroxide,” in Priming and Pretreatment of Seeds and Seedlings: Implication in Plant Stress

Tolerance and Enhancing Productivity in Crop Plants. (Singapore: Springer), 417-426.
Barzegargolchini, B., Movafeghi, A., Dehestani, A., and Mehrabanjoubani, P. (2017). Morphological and
anatomical changes in stems of Aeluropus littoralis under salt stress. ] Plant Mol Breed 5(1): 40-48.
Bergmayer, H. (1983). "UV method of catalase assay," in Methods of enzymatic analysis. (Florida: Bansal), 273.
Blasco, B., Leyva, R., Romero, L., and Ruiz, ].M. (2013). Iodine effects on phenolic metabolism in lettuce plants
under salt stress. | Agric Food Chem 61(11): 2591-2596. doi: 10.1021/j£303917n.
Cavalcanti, F.R., Oliveira, ].T.A., Martins - Miranda, A.S., Viégas, R.A., and Silveira, ].A.G. (2004). Superoxide
dismutase, catalase and peroxidase activities do not confer protection against oxidative damage in
salt-stressed cowpea leaves. New Phytol 163(3): 563-571.

Journal of Plant Molecular Breeding | www.jpmb-gabit.ir


http://www.jpmb-gabit.ir/
https://www.frontiersin.org/journals/plant-science#articles

Valizade et al. 2022 | Volume 10 | Issue 1

Chen, D., Wang, S., Cao, B., Cao, D,, Leng, G., Li, H., Yin, L., Shan, L., and Deng, X. (2015). Genotypic variation
in growth and physiological response to drought stress and re-watering reveals the critical role of
recovery in drought adaptation in maize seedlings. Front Plant Sci 6: 1241. doi: 10.3389/fpls.2015.01241.

Dehestani, A., Ahmadian, G., Salmanian, A., Jelodar, N., and Kazemitabar, K. (2010). Transformation
efficiency enhancement of Arabidopsis vacuum infiltration by surfactant application and apical
inflorescence removal. Trakia | Sci 8(1): 19-26.

Desoky, E.M., Mansour, E., El-Sobky, E.E.A., Abdul-Hamid, M.I,, Taha, T.F., Elakkad, H.A., Arnaout, S., Eid,
R.S.M., El-Tarabily, K.A., and Yasin, M.A.T. (2021). Physio-biochemical and agronomic responses of
faba beans to exogenously applied nano-silicon under drought stress conditions. Front Plant Sci 12:
637783. doi: 10.3389/fpls.2021.637783.

Dikilitas, M., Simsek, E., and Roychoudhury, A. (2020). "Modulation of abiotic stress tolerance through
hydrogen peroxide," in Protective chemical agents in the amelioration of plant abiotic stress: biochemical and
molecular perspectives. (United States: Wiley), 147-173.

Dolatabadi, B., Ranjbar, G., Tohidfar, M., and Dehestani, A. (2014). Genetic transformation of Tomato with
three pathogenesis-related protein genes for increased resistance to Fusarium oxysporum f. sp.
lycopersici. | Plant Mol Breed 2(1): 1-11.

Ebeed, H.T., Hassan, N.M., and Aljarani, A.M. (2017). Exogenous applications of polyamines modulate
drought responses in wheat through osmolytes accumulation, increasing free polyamine levels and
regulation of polyamine biosynthetic genes. Plant Physiol Biochem 118: 438-448.

Farooq, M., Wahid, A., Kobayashi, N., Fujita, D., and Basra, S. (2009). Plant drought stress: effects, mechanisms
and management. Sustain Agric: 153-188.

Flores, H.E., and Filner, P. (1985). "Polyamine catabolism in higher plants: characterization of pyrroline
dehydrogenase," in Polyamines in Plants. (Dordrecht: Springer), 75-89.

Gongalves, K.S., Paz, V.P.d.S,, Silva, F.d.L., Hongyu, K., and Almeida, W.F.d. (2019). Potassium phosphite and
water deficit: physiological response of Eucalyptus using multivariate analysis. | Agric Sci 11(3): 565.

Guler, N.S., and Pehlivan, N. (2016). Exogenous low-dose hydrogen peroxide enhances drought tolerance of
soybean (Glycine max L.) through inducing antioxidant system. Acta Biol Hung 67: 169-183.

Halliwell, B., and Gutteridge, ].M. (2015). Free radicals in biology and medicine. Oxford university press, USA.

Hameed, A., Goher, M., and Igbal, N. (2013). Drought induced programmed cell death and associated changes
in antioxidants, proteases, and lipid peroxidation in wheat leaves. Biol Plant 57(2): 370-374.

He, L., and Gao, Z. (2009). Pretreatment of seed with H20: enhances drought tolerance of wheat (Triticum
aestivum L.) seedlings. Afr | Biotechnol 8(22).

Hussain, H.A., Hussain, S., Khaliq, A., Ashraf, U., Anjum, S.A., Men, S., and Wang, L. (2018). Chilling and
drought stresses in crop plants: implications, cross talk, and potential management opportunities.
Front Plant Sci 9: 393. doi: 10.3389/fpls.2018.00393.

Ishibashi, Y., Yamaguchi, H., Yuasa, T., Iwaya-Inoue, M., Arima, S., and Zheng, S.H. (2011). Hydrogen
peroxide spraying alleviates drought stress in soybean plants. | Plant Physiol 168(13): 1562-1567. doi:
10.1016/j.jplph.2011.02.003.

Kiani, R., Arzani, A., and Mirmohammady Maibody, S. (2021). Polyphenols, flavonoids, and antioxidant
activity involved in salt tolerance in wheat, Aegilops cylindrica and their amphidiploids. Front Plant Sci
12: 646221. doi: 10.3389/fpls.2021.646221.

Li, Z,, Peng, Y., Zhang, X.Q., Ma, X., Huang, L.K,, and Yan, Y.H. (2014). Exogenous spermidine improves seed
germination of white clover under water stress via involvement in starch metabolism, antioxidant
defenses and  relevant gene  expression. = Molecules  19(11):  18003-18024.  doi:
10.3390/molecules191118003.

Liu, J., Nakajima, I., and Moriguchi, T. (2011). Effects of salt and osmotic stresses on free polyamine content
and expression of polyamine biosynthetic genes in Vitis vinifera. Biol Plant 55: 340-344.

Journal of Plant Molecular Breeding | www.jpmb-gabit.ir


http://www.jpmb-gabit.ir/
https://www.frontiersin.org/journals/plant-science#articles

Valizade et al. 2022 | Volume 10 | Issue 1

Mahdavian, M., Sarikhani, H.,, Hadadinejad, M., and Dehestani, A. (2021). Exogenous application of
putrescine positively enhances the drought stress response in two citrus rootstocks by increasing
expression of stress-related genes. | Soil Sci Plant Nutr 21(3): 1934-1948.

Maiti, R.K., and Satya, P. (2014). Research advances in major cereal crops for adaptation to abiotic stresses.
GM Crops Food 5(4): 259-279. doi: 10.4161/21645698.2014.947861.

Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci 7(9): 405-410. doi:
10.1016/51360-1385(02)02312-9.

Mittler, R. (2006). Abiotic stress, the field environment and stress combination. Trends Plant Sci 11(1): 15-19.
doi: 10.1016/j.tplants.2005.11.002.

Moradi, N., Rahimian, H., Dehestani, A., and Babaeizad, V. (2016). Cucumber Response to Sphaerotheca
fuliginea: Differences in antioxidant enzymes activity and pathogenesis-related gene expression in
susceptible and resistant genotypes. | Plant Mol Breed 4(2): 33-40.

Pal, M., Szalai, G., and Janda, T. (2015). Speculation: Polyamines are important in abiotic stress signaling. Plant
Sci 237: 16-23. doi: 10.1016/j.plantsci.2015.05.003.

Ramezani, M., Rahmani, F., and Dehestani, A. (2017). Comparison between the effects of potassium phosphite
and chitosan on changes in the concentration of Cucurbitacin E and on antibacterial property of
Cucumis sativus. BMC Complement Altern Med 17(1): 1-6.

Rukmini, M., D'souza, B., and D'souza, V. (2004). Superoxide dismutase and catalase activities and their
correlation with malondialdehyde in schizophrenic patients. Indian | Clin Biochem 19: 114-118.

Sehar, Z., Jahan, B., Masood, A., Anjum, N.A., and Khan, N.A. (2021). Hydrogen peroxide potentiates defense
system in presence of sulfur to protect chloroplast damage and photosynthesis of wheat under
drought stress. Physiol Plant 172(2): 922-934. doi: 10.1111/ppl.13225.

Singh, V.P., Tripathi, D.K., and Fotopoulos, V. (2020). Hydrogen sulfide and nitric oxide signal integration
and plant development under stressed/non-stressed conditions. Physiol Plant 168(2): 239-240. doi:
10.1111/ppl.13066.

Singleton, V.L., and Rossi, J.A. (1965). Colorimetry of total phenolics with phosphomolybdic-phosphotungstic
acid reagents. American journal of Enology and Viticulture 16(3): 144-158.

Smirnoff, N., and Arnaud, D. (2019). Hydrogen peroxide metabolism and functions in plants. New Phytol
221(3): 1197-1214. doi: 10.1111/nph.15488.

Soleimani, M., Arzani, A., Arzani, V., and Roberts, T.H. (2022). Phenolic compounds and antimicrobial
properties of mint and thyme. | Herb Med: 100604. doi: 10.1016/j.hermed.2022.100604.

Wang, J., Sun, P.P., Chen, C.L.,, Wang, Y., Fu, X.Z., and Liu, ].H. (2011). An arginine decarboxylase gene PtADC
from Poncirus trifoliata confers abiotic stress tolerance and promotes primary root growth in
Arabidopsis. | Exp Bot 62(8): 2899-2914. doi: 10.1093/jxb/erq463.

Wang, X., Wang, L., Wang, Y., Liu, H., Hu, D., Zhang, N., Zhang, S., Cao, H., Cao, Q., and Zhang, Z. (2018).
Arabidopsis PCaP2 plays an important role in chilling tolerance and ABA response by activating CBF-
and SnRK2-mediated transcriptional regulatory network. Front Plant Sci 9: 215.

Disclaimer/Publisher's Note: The statements, opinions, and data found in all publications are the sole responsibility of
the respective individual author(s) and contributor(s) and do not represent the views of JPMB and/or its editor(s). JPMB
and/or its editor(s) disclaim any responsibility for any harm to individuals or property arising from the ideas, methods,
instructions, or products referenced within the content.

Journal of Plant Molecular Breeding | www.jpmb-gabit.ir


http://www.jpmb-gabit.ir/
https://www.frontiersin.org/journals/plant-science#articles

JPMB Journal of Plant Molecular Breeding
Published by Genetics and Agricultural Biotechnology Institute of Tabarestan 2022 | Volume 10 | Issue 1

G119 181 g0 03900 Sl 35l
s> i & (Zea mays L.) &3 ols”

TObyeo Obgy § Sludd e *Tya1 Ol durw 0315 (9 duo

O‘j_lcﬁ)\?;cblf;‘;tr}aGL‘.A}‘5)')}\.&56_,19a@\:cé});ﬁx}&l]@cﬁ«ﬁ\a);'\

oo bl p9

(Sl el S (ol b b 5 (55,98 e oK1 Ol b (6555587 (55 5SS 5 5 SR8 A 3T

Olgino! _smins o1 R

Ol (sl sl b e 5 (555518 p ke oils carly psle 05 5
“"JU“JL‘)’JS@’)'*’”‘)@‘JJJ,}M-":-‘EJMJ4§¢*“‘@PJ-“-“§-‘"J~“°“\.*S’,
Calee gla gy 3l eslizal b o7 (25 Cow &3 0lE gy (H202) 055 s denST, 35,8 3
st YL eSgsoha CAS s adl Wiy O3 w85 JIF s p s SSse 5 plendise

) = .

VoY s YV 2il s 230b-F 5= o o an 3 Fe IS Lt L 5l enbinal b Lalae 5 i Hles H2O02 4V 0 s
VRN g st aadlan 350 Do alad (S5 gtmn g 4y (SCas 25 oS sl Ol gl ki 815 T 55 )5 e
VEY 5TV il L33 00 Oljee a4 S8 o i 9 C3L alS YLK ‘..U'ST b o 2l ch.»: Sl Rl sl sy

M)J\/\UJJ}@TJ‘W’(}JJ})JJJVUKV{J;TQLQ%J;auuuwﬁw“)‘w‘)‘g‘)w
J g s 93 A glil s HO2 s par 3L T e N APV PR CN-N L g P W PR P

o3 s e 55> S i 555 93 6 (o 53 023 131 e el I e 500 ol DL -F sl 5o ez s B sk

s.navabpour@gau.ac.ir

dals DaLS” 55 Ao y3 YO Olje 4 =F Hb 25 el 55 0T Oy o7 (5 305 3l 531 dals OlaLS o
Joi a1 eins 0L il calals (3l 0 5 WAL OT 0l HaO2 e o7 o s sl 2als”
o cpl 4 gl

Al e H2O2 5l 56 Cows )3 0lE 5o (S i
Valizade, H., Navabpour, S., Dehestani, A., st TR O 2 o2 OB 02 o
and Mehrabanjoubani, P. (2022). Exogenous
hydrogen peroxide enhances the response of . e o T .
corn (Zea mays L.) plants to drought stress. | "S02 CO090 A |-"i~ ‘s o Bl G‘)‘ 6“"':}" ot ol
Plant Mol Breed 10(1): 60-73.
doi:10.22058/jpmb.2023.1975801.1266.



https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.22058/jpmb.2023.1975801.1266

