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Abstract

Salinity stress is a growing concern for agriculture, as soil salinization is increas-
ing worldwide and seriously affects global agricultural production and food security.
How to minimize the adverse effects of salinity stress and meet the food needs of
the growing human population becomes an urgent problem. Conventional techniques
in agriculture and recently modern plant science have limitations; therefore, alter-
native technologies such as hydrogen peroxide (H,O,) priming have emerged as
promising solutions. The findings highlight that H,O, priming enhances antioxi-
dant defenses, regulating the balance between reactive oxygen species production
and scavenging. Furthermore, H,O, priming promotes osmotic adjustment by stim-
ulating the accumulation of osmoprotectants, maintaining cellular water status under
salinity conditions. The review also discusses how H,O, priming modulates gene
expression and signaling processes, causing stress-responsive genes and transcription
factors activation. Moreover, H,O, priming helps to preserve chloroplast integrity
and photosynthetic efficiency, mitigating the detrimental impacts of salt stress on
plant development and productivity. Overall, the collective knowledge gathered here,
covering various aspects of the H,O, priming phenomenon, may facilitate the design
and conduct of future research on plant tolerance to salinity or other abiotic stresses.
However, future research needs to focus on elucidating how priming can be applied
on a large scale to diverse plants, understanding biochemical and molecular mech-
anisms of H,O, priming for precise and reliable applications of this approach, and
figuring out the potential benefits of in vitro priming (H,0,) technology in plant

science.

1 | INTRODUCTION

Abbreviations: ABA, abscisic acid; APX, ascorbate peroxidase;
AsA-GSH, ascorbate-glutathione; ASC, ascorbic acid; CAT, catalase; ET,
ethylene; GPX, glutathione peroxidases; GST, glutathione S-transferases;
H,O0,, hydrogen peroxide; JA, jasmonic acid; MAPK, mitogen-activated
protein kinase; MDA, malondialdehyde; POD, peroxidase; PRX,
peroxiredoxins; ROS, reactive oxygen species; SA, salicylic acid; SAM,
S-adenosylmethionine synthetase 1; SI, sclerophylly index; SOD,
superoxide dismutase; SUC, leaf succulence; WCS, water content at

saturation; WSD, water saturation deficit.

Salinity stress is a growing concern for agriculture, as soil
salinization is increasing worldwide due to various anthro-
pogenic activities, such as irrigation with brackish water, the
use of fertilizers containing high levels of salt, and land-use
changes. Plants’ osmotic, ionic, and nutritional balance can be
affected by a high level of Na™ and CI~ ions in the root zone
(Cai & Gao, 2020). These modifications may inhibit growth
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and have an impact on various physiological processes. Both
the photochemical and metabolic phases of photosynthesis
may suffer under these circumstances (Melo et al., 2020).
Besides, reactive oxygen species (ROS) generation and scav-
enging might become unbalanced as a result of salinity, which
can lead to a high level of lipid peroxidation and a reduc-
tion in the integrity of cell membranes (A. Khan et al., 2019).
Because ROS are extremely potent oxidizers and may respond
to practically all components of live cells, causing signifi-
cant damage to lipids, proteins, and nucleic acids, this tension
(oxidative stress conditions) could result in cell damage (A.
Khan et al., 2019). Therefore, there is a growing need for
strategies to enhance plant resistance to salt stress.

H,0, is an ROS that is generated in plants as a result
of various stressors, including salinity stress. H,O, acts as
a signaling molecule controlling several biological func-
tions, including cell proliferation, differentiation, and defense
responses (X. Zhang et al., 2019). Priming involves the appli-
cation of a sub-lethal dose of a stressor to plants before
exposure to a lethal dose, which enhances their ability to cope
with the stress. In recent years, researchers have investigated
the potential of priming with low doses of H,0, to increase
resistance to salinity (Silva et al., 2020; H. Silva et al., 2019).
A small number of research studies, however, describe how
the standards for choosing doses for external use are deter-
mined and what the main processes are behind the increase in
plant tolerance brought on by H,O, priming.

The mechanisms underlying the priming of H,O, in
response to salt stress are complex and involve various physi-
ological, biochemical, and molecular processes. Priming with
H,0, has been shown to enhance the activity of antioxidant
enzymes, including catalase (CAT), peroxidase, and super-
oxide dismutase (SOD), which scavenge ROS and prevent
oxidative damage to plant cells (Ellouzi et al., 2021; Hossain
etal., 2015; Silva et al., 2020). Moreover, priming with H,O,
has been found to modulate the expression of genes asso-
ciated with stress responses, like stress-related transcription
factors, ion transporters, and osmoprotectants (Rossatto et al.,
2017). In addition, H,O, priming by improving the activity
of carbon fixation enzymes, maintaining chloroplast architec-
ture and carbon fixation along with the redox state in plants
under salt stress, led to an increase in proteins related to pho-
tosynthesis and improved redox homeostasis (Aradjo et al.,
2021).

In the present study, in order to provide a comprehensive
summary of the state of knowledge regarding H,O, priming
in the context of salinity stress in plants, the following topics
were presented and discussed in order: (1) the physiologi-
cal, biochemical, and molecular responses of plants to salinity
stress with a focus on ROS production, especially H,O,, and
the activity of stress response pathways; (2) summary of key
findings of experimental and theoretical studies regarding the
effects of H,O, priming on plant development, photosynthe-

Core Ideas

* H,O, priming can regulate the antioxidant systems
in plants.

* H,O, priming can induce changes in stress-
responsive genes.

* Finally, H,O, priming improves plant tolerance to
salinity stress.

sis, and resistance to stress, as well as mechanisms beyond
these effects; and (3) expressing the potential applications of
H,O, priming in typical agricultural practices, modern plant
science, and the opportunities associated with this strategy, as
well as addressing the challenges and barriers that prevent its
widespread implementation.

It is worth noting that several reviews have been published
in other journals that discuss the impact of hydrogen perox-
ide priming on enhancing plant resistance to abiotic stress,
such as Johnson and Puthur (2021), Hossain et al. (2015),
and Kerchev et al. (2020). Nevertheless, several features
distinguished the present study from published reviews:

1. Focusing on H,O, priming in response to salinity stress in
seeds and seedlings of many plants.

2. Discussing the limitations and potential challenges asso-
ciated with the use of the H,0O, priming strategy in
agriculture to provide a more comprehensive view.

3. A description of how the H,O, priming strategy can be
integrated with genetic modification and other agronomic
practices to provide valuable insights for clinicians and
researchers.

4. Explaining the existence of a significant gap between
research on H,O, priming and its practical application in
agriculture.

2 | THE ROLE OF H,0, IN PLANT
STRESS RESPONSES

H,0, priming induces a controlled increase in endogenous
H,0, levels within plant cells, which acts as an indication
to activate several defense mechanisms (Habib et al., 2020).
High H,0, concentrations have detrimental consequences,
which are mostly a result of an all-pervasive oxidative stress
response that damages cellular components regardless of their
composition. Exogenous H,0, is likely to trigger and/or alter
additional ROS-producing systems, making it exceedingly
difficult to distinguish between the harmful and signaling
effects. The production of H,O, is heavily compartmental-
ized between several cellular compartments and is influenced
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ROS, reactive oxygen species.

by a variety of factors (Qureshi et al., 2022) (Figure 1). One
of the key effects of H,O, priming is the regulation of antiox-
idant systems in plants. H,O, and other ROS are produced
as a result of salinity stress within plant cells. ROS may
result in oxidative damage to cellular components, such as
proteins, lipids, and DNA (Hasanuzzaman et al., 2021). How-
ever, when plants are pre-treated with low levels of hydrogen
peroxide through H,O, priming, it triggers the upregulation
of antioxidant enzymes, such as SOD, peroxidase (POD),
CAT, the ascorbate-glutathione (AsA-GSH) cycle enzymes
(ascorbate peroxidase [APX]), peroxiredoxins (PRX), glu-
tathione peroxidases (GPX), and glutathione S-transferases
(GST). These enzymes help scavenge excess ROS and protect
the plant cells from oxidative damage (Hasanuzzaman et al.,
2020). Non-enzymatic components such as GSH, ascorbic
acid (ASC), a-tocopherol, flavonoids, carotenoids, alkaloids,
phenolic acids, and non-protein amino acids additionally have
a crucial function in enhancing the plant’s tolerance to stress
in addition to enzymatic components (Hasanuzzaman et al.,
2020).

Furthermore, H,O, priming can regulate ion homeostasis
in plants exposed to salinity stress. Salinity stress disrupts the
balance of ions, particularly the excessive accumulation of
sodium ions (Na™) in plant tissues (Silva et al., 2020). This
imbalance can be detrimental to normal cellular functions.

H,0, priming activates ion transporters and channels, such
as HT-ATPase and SOS1, which play crucial roles in exclud-
ing Na* ions from the cytoplasm and reducing their toxicity.
By regulating ion transporters, H,O, priming helps plants
maintain ion homeostasis and prevents the harmful effects
of excessive sodium accumulation (Pandey et 1. et al., 2021).
In addition, H,O, priming influences osmotic regulation in
plants. Salinity stress leads to osmotic stress, where the high
salt levels in the soil reduce water availability to plants. H,O,
priming enhances the aggregation of osmoprotectants, such
as proline and soluble sugars, acting as compatible solutes.
These osmoprotectants help plants maintain cellular osmotic
balance, retain water, and protect proteins and membranes
from damage caused by salinity stress (Koh et al., 2021).
Overall, H,O, priming improves plant tolerance to salin-
ity stress by activating antioxidant systems, regulating ion
homeostasis, and enhancing osmotic regulation. It primes
the plant’s defense mechanisms and prepares them to better
cope with subsequent salinity stress (Qureshi et al., 2022).
Nevertheless, the efficiency of H,O, priming can be dif-
ferent based on a number of parameters, including plant
species, concentrations and timing of H,O, application, and
the severity of salinity stress. It is worth noting that the
effectiveness of H,O, priming may vary among different
plant species and genotypes, as well as the concentration and
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duration of the priming treatment. Further research is needed
to optimize H,O, priming techniques and understand the
underlying molecular mechanisms involved in the responses
of plants to salt stress.

3 | PRIMING AS A MECHANISM TO
ENHANCE PLANT TOLERANCE TO
SALINITY STRESS

3.1 | H,O0, priming and physiological and
biochemical mechanisms under salinity stress

When plants are subjected to H,O, priming before experi-
encing salinity stress, several physiological and biochemical
responses are triggered to enhance their tolerance. The
priming-related physiological and biochemical alternations
help plants better respond to adverse impacts of salt stress.
Several investigations on plants have shown that pre-treatment
with a suitable concentration of H,O, can increase abiotic
stress resistance by modulating a variety of physiological
processes, including photosynthesis (Hasan et al., 2016; M.
I. Khan et al., 2016), and a variety of stress-responsive
processes, including the ROS and methylglyoxal (MG) detox-
ification pathways (Gondim et al., 2012). Moreover, salinity
stress often impairs photosynthetic efficiency in plants due
to the disruption of chloroplast function (Hameed et al.,
2021). H,O, priming can help lessen the negative impacts
of salt stress on photosynthesis. It enhances the activity of
photosynthetic enzymes, such as ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco), and the efficiency of car-
bon fixation (Chaves et al., 2009). The fact that H,O,
treatments raised the maximum carboxylation rate of Rubisco
(V cmax) and initial Rubisco activity but had no impact on
Rubisco’s overall function may be the cause of the H,O,-
mediated improvement in photosynthesis effectiveness. This
suggests that Rubisco’s activity status is primarily regulated
by H,0,, potentially by the Rubisco enzyme (Jiang et al.,
2012). As a result, H,O,-primed plants maintain higher pho-
tosynthetic rates and accumulate more carbohydrates, which
is crucial for growth and stress tolerance (S. Wang et al.,
2022). In support of these findings, Jiang et al. (2012) deter-
mined the involvement of H,O, on carbohydrate metabolism.
This study showed that the increases in carbohydrate metabo-
lite content were accompanied by increases in the activity
of sucrose synthase and acid invertase activity (Al) and the
activity of sucrose synthase in H,O,-treated leaves, which
increased by 23% and 116%, respectively.

H,0, priming also activates the antioxidant defense sys-
tem in plants. It enhances the activity of antioxidant enzymes,
including SOD, CAT, and PODs (Bagheri et al., 2019). These
enzymes scavenge excess ROS, including hydrogen perox-
ide, and minimize oxidative damage to cellular components

(Ellouzi et al., 2021). The enhanced antioxidant capacity
helps maintain cellular redox balance and protects plants
from oxidative stress caused by salinity (Ellouzi et al., 2021).
Besides, ROS can be quenched by non-enzymatic compounds
including carotenoids, flavonoids, reduced glutathione, ASC,
and suitable osmolytes such as proline, glycine betaine, and
trehalose sugar (M. 1. Khan et al., 2015; Per et al., 2017).
Therefore, H,O, priming improves water status and osmotic
adjustment mechanisms. It promotes the aggregation of com-
patible solutes such as proline, soluble sugars, and other
osmolytes (Karimi et al., 2020). These osmoprotectants help
maintain cellular osmotic balance, reduce water loss, and
protect cells from the damaging effects of salt stress (Terzi
et al., 2014). On the other hand, salinity stress disrupts ion
homeostasis by causing Nat and Cl~ ion accumulation in
plant tissues. H,O, priming enhances the expression and
activity of ion transporters, such as Ht-ATPase and SOSI,
which facilitate the efflux of Nat ions and maintain ion
homeostasis. By regulating ion transport, H,O,-primed plants
can minimize the toxic effects of excessive Nat accumula-
tion and maintain cellular ion balance (Chattha et al., 2022;
Silva et al., 2020). H,O, priming can also trigger the syn-
thesis of secondary metabolites, including phytohormones,
phenolic compounds, and flavonoids (Karimi et al., 2020;
W. Wang et al., 2022). These metabolites play crucial roles
in plant defense against salinity stress. They act as signal-
ing molecules, enhance antioxidant capacity, scavenge free
radicals, and regulate various physiological and biochemical
processes involved in stress tolerance (Kesawat et al., 2023).
Furthermore, H,O, links the signaling processes of several
phytohormones; this link was initially discovered between
H,0, and ethylene (ET). In addition to ET, H,O, is very
intimately associated with other important phytohormones,
including abscisic acid (ABA), jasmonates, ET, and salicylic
acid (SA). To coordinate stress reactions, plant development,
and growth, all of these phytohormones need H,O, in their
signaling pathways, either upstream or downstream (Saxena
et al., 2016).

Sunflower plants were able to produce more dry mass in
all areas of the plant when 1 mM H,0, was sprayed on the
leaves 48 h before salt stress exposure. This improved the
plants’ resistance to salt stress. Due to stomatal restriction,
salt-stressed sunflower plants did not experience a decrease
in growth or net CO, assimilation rates (Silva et al., 2020).
The major cause of the decline in growth and photosynthe-
sis, however, may have been the rise in the harmful ions (Na*
and CI7) levels. Studies confirm that the buildup of Nat and
CI™ in photosynthetic tissues can be directly linked to the low-
ering of the RuBisCo carboxylation efficiency (Melo et al.,
2020). It appears that H,O, could activate physiological pro-
cesses for Na™ and Cl1~ exclusion and decrease in K* outflow
from tissues, increasing the ion homeostasis and enhancing
the resistance to salinity in sunflower plants (Silva et al.,
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2020). This is supported through a reduction in Nat (40%)
and CI~ concentrations (42%) and an elevation in K levels
(29% and 59%) either in leaves or roots in H,O,-primed plants
compared to non-primed plants.

According to certain research, H,O, can cause plants under
salt stress to have a higher K*/Na* ratio and a lower Cl~
content (H. Silva et al., 2019). A method to preserve plants
under salinity may be thought of as the pronounced rise in
the levels of soluble carbohydrates, free amino acids, and free
proline salt-induced in the leaves and roots of non-primed
plants (Reddy et al., 2017). According to a previous study, dur-
ing salt stress, plants accumulate low-molecular-mass organic
molecules whose major activities are to maintain water sta-
tus, shield cells from oxidative damage, and serve as signaling
factors (Azevedo et al., 2009).

According to A. Khan et al. (2019), a variation in redox
homeostasis, which characterizes oxidative tension, might
result from this rise in ROS generation and cause problems
with cell structure and metabolism. By increasing the antioxi-
dant enzymes, such as SOD, CAT, APX, guaiacol peroxidase,
and others, H,O, priming, on the other hand, induces an
increase in anti-oxidant activity (de Azevedo Neto et al., 2005;
Gondim et al., 2012; Hossain et al., 2015). One of the most
important strategies to lessen the detrimental impacts of salin-
ity is an increase in the production of these enzymes, which
can considerably be associated with the preservation of redox
equilibrium (de Azevedo Neto et al., 2005). Catalase stands
out among the antioxidant enzymes due to the substantial rise
in its activity in either leaves or roots over the two assess-
ment stages. The findings of the current investigation support
the hypotheses put out by de Azevedo Neto et al. (2005)
and Gondim et al. (2012) that the ROS-detoxifying process,
which is aided by the increase in CAT activity brought on by
H,0, priming, increases the susceptibility of plants to salinity
stress.

According to previous findings, researchers investigated
the effect of H,O, priming on cauliflower seeds and seedlings
under salinity stress. The researchers found that H,O, prim-
ing enhanced the antioxidant defense system, improved
osmotic adjustment, and increased stress recovery capac-
ity in cauliflower seeds and seedlings. They concluded that
H, O, priming could improve plant resistance to salinity stress
(Ellouzi et al., 2021). A study focused on the impact of
H,0, priming on wheat seedlings under salinity stress. The
researchers found that H,O, priming enhanced antioxidant
enzyme activities, such as SOD, CAT, and POD, and ele-
vated the accumulation of non-enzymatic antioxidants, such
as ascorbate and glutathione in wheat (7riticum aestivum L.)
(Abdel Latef et al., 2019). These changes helped alleviate
oxidative damage caused by salinity stress. The researchers
observed that H,O, priming enhanced the activity of antiox-
idant enzymes, such as SOD, CAT, and APX, and increased
the levels of non-enzymatic antioxidants, including ascorbate

and glutathione. H,O,-primed plants also exhibited improved
Nat/K* ratio, indicating better ion homeostasis. The study
concluded that H,O, priming improved resistance to salinity
in wheat plants by modulating antioxidant defenses and ion
homeostasis (Abdel Latef et al., 2019).

A recent research also demonstrated that the salt stress
decreased the relative water content, water saturation deficit
(WSD), water content at saturation (WCS), leaf succulence
(SUC), and sclerophylly index (SI) in the leaves for the
non-primed treatment with H,O,. In contrast, H,O, priming
enhanced the plants’ water status and decreased water loss, as
seen by an elevation in WSD (53% and 20%) and WCS (39%
and 63%) compared to control plants. Increased leaf thickness
is indicated by high SI values (53% compared to non-primed
plants) (Silva et al., 2020). According to some studies, a rise
in SI is a process designed to improve the leaf’s resistance
to water diffusion and, as a result, reduce water losses (Cun-
ningham & Strain, 1969). As a result of this process, SUC,
a variable that represents the quantity of water per unit leaf
area, also rises. Silva et al. (2020) reported that in two evalu-
ation periods, salinity stress increased the SUC of sunflower
plants compared to control plants. For the same periods, the
increase in SUC of H,0O,-primed plants was 30% and 28%.
According to some authors, an increase in SUC can be a
significant mechanism for the dilution of harmful ions in addi-
tion to sustaining water storage (Cova et al., 2016; H. Silva
et al., 2019). Furthermore, maize plants that had been H,0,
pretreated had better photosynthetic performance, preventing
salinity-induced surplus energy and ultrastructural damage
by maintaining stacking thylakoids. The alteration of several
metabolites, including arabitol, glucose, asparagine, and tyro-
sine, was seen. These metabolites may help to keep osmotic
equilibrium and lessen oxidative tension (dos Santos Araijo
etal.,2021). Recent research findings demonstrated that under
salinity conditions, the level of malondialdehyde (MDA) in
Arabidopsis seedlings that had been pretreated with H,O,
was significantly lower compared to non-pretreated seedlings,
demonstrating that H,O, pretreatment can effectively mit-
igate the damage of salinity stress with the stability and
consistency of the membrane within cells of plants (Q. Zhang
etal., 2022). As aresult, to preserve development under salin-
ity stress and enhance Arabidopsis seedlings’ resistance to
salinity, H,O, plays a protective role which has been observed
in other studies (de Azevedo Neto et al., 2005; Fedina et al.,
2009; Gondim et al., 2012; Y. Wang et al., 2010). According
to Sathiyaraj et al. (2014), Panax ginseng seedlings exposed to
100 M H, O, for 2 days demonstrated improved salt tolerance
as well as higher APX, CAT, and guaiacol peroxidase activi-
ties. In H,O,-treated salt-stressed seedlings, other oxidative
metrics including MDA levels, endogenous H,O, levels,
and O~2 levels were reduced. Once seedlings were exposed
to salinity, H,O,-treated seedlings had higher seedling
dry weight and chlorophyll and carotenoid concentrations
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than untreated controls. The aforementioned results show that
H, O, priming can improve plant growth and development by
modifying physiological and metabolic processes such photo-
synthesis, proline accumulation, and ROS detoxification. This
can help plants become more tolerant to salt stress (Sathiyaraj
et al., 2014). In another experiment, researchers discussed
how H, 0O, helped wheat (7. aestivum L.) plants cope with salt
stress. Plants treated with H,O, grew more successfully in
both saline and non-saline environments. The addition of 50
or 100 M H, O, decreased the severity of salt stress, resulting
in lower levels of Nat and Cl~ ions as well as an increased
amount of proline and N absorption. When compared to
untreated plants, H,O, under salt stress showed increased
water relations, higher photosynthetic pigments contents, and
faster growth rates. The treatment of H,O, in non-saline cir-
cumstances also enhanced all of the aforementioned metrics.
For wheat plants cultivated in non-saline settings, treatment
with 100 M H, O, offered the greatest protection, and it sig-
nificantly reduced the impacts of salinity on plants produced
in saline environments (Ashfaque et al., 2014).

These studies demonstrate the potential of H,O, priming
to improve plant resistance to salt stress by regulating physi-
ological and biochemical responses. However, it is essential
to remember that the specific experimental conditions and
plant species used in these studies may influence the observed
effects. More investigation is required to explore the efficacy
of H,O, priming in various plant species and under various
salinity stress conditions.

It is important to note that the effectiveness of H,O, prim-
ing and the specific physiological and biochemical responses
may vary depending on various factors, such as plant species,
concentration and duration of priming, and severity of salin-
ity stress. Furthermore, the signaling pathways and molecular
mechanisms underlying these responses are still being elu-
cidated through ongoing research. Therefore, H,O, priming
holds promise as a master plan to enhance the resistance
of plants to salinity stress by modulating physiological and
biochemical responses that mitigate the negative effects of
salinity. Continued research in this field can provide further
insights into the specific mechanisms involved and opti-
mize H,O, priming techniques for different plant species and
salinity conditions.

3.2 | H,0, priming and molecular
mechanisms under salinity stress

H,O, priming can trigger changes in gene expression pat-
terns, leading to the upregulation of stress-responsive genes
(Mittler, 2002). It enhances the expression of genes encoding
various stress-related proteins, including transcription fac-
tors, chaperones, and detoxification enzymes (Y. Cheng &
Song, 2006; Gonzalez et al., 2012). On the other hand, this

ROS interacts with additional signal molecules and pathways
and also plays a role in regulating downstream genes (Neill
et al., 2002). For instance, the downstream of H,O,, mitogen-
activated protein kinase (MAPK) pathways seem to work.
In plants, MAPK constitutes a sizable system involved in
several processes, including the transmission of H,O, sig-
nals (Xing et al., 2008; A. Zhang et al., 2006). Accordingly,
H,0, activates nicotiana protein kinase 1 in a MAPK cascade,
which mimics the H,O, effect and initiates the MAPK cas-
cade that induces specific stress-responsive genes (Desikan
et al., 2001; Grant et al., 2000; Kovtun et al., 2000). Even
when given to the roots, H,O, quickly activates MAPKSs in
the shoots (Capone et al., 2004). According to studies, H,O,
regulates seed germination and dormancy by causing the acti-
vation of ABA catabolism genes (X. M. Liu et al., 2010).
The regulation of ROS-related defense genes often involves
the zinc-finger transcription factor. In response to H,O, and
methyl viologen treatment, it was shown that the ZAT7 and
ZAT12 zinc-finger proteins of Arabidopsis are substantially
increased by oxidative stress in apx knockout mutants (Rizh-
sky et al., 2004). Under salt stress, ZAT10 functions both as a
repressor and an inducer of ROS-responsive genes (Sakamoto
et al., 2004). By altering ROS concentrations and SA-related
gene expression, ZAT6 positively affects resistance to salin-
ity in addition to tolerance to bacterial infection (Shi et al.,
2014). According to a proposed model of the H,O, signaling
process, a cell surface receptor may detect an H,O, signal,
which might lead to an increase in [Ca’*]cyt. A signaling
protein, such as a protein kinase or phosphatase, could be acti-
vated by the elevated concentration of [Ca’*]cyt, resulting
in a cascade that mediates the phosphorylation or dephos-
phorylation of a transcription factor. Furthermore, H,O, can
directly oxidize transcription factors that are H,O,-responsive
through the oxidation of cysteine residue thiols in proteins.
The changed (activated) transcription factor enters the nucleus
where it binds to the target promoter’s matching cis-acting
region to control gene expression (T. A. Khan et al., 2018).
According to transcriptional research, exogenous H,O, pre-
treatment induces the expression of genes associated with the
cell cycle (CYCs, CDKBI;2, CDKB2;1, their upstream regula-
tor DELI and its target CDTIA, as well as MCM2, MCM3, and
MCM6), redox regulation (774, CRWN2, CRWN3, CRWN4,
ACS6, SOS6, RBOHD, VIC2, FSD3, GPX7, and GSTU24),
and cell wall organization (mitosis kinases, MAPs, kinesin
superfamily, chromosome organization proteins, and kineto-
chore complex) in Arabidopsis. These genes could speed up
cell division, increase sensitivity to osmotic stress, maintain
redox balance, and modify plant cell walls following high-salt
conditions (Q. Zhang et al., 2022). Both cell proliferation and
chromosomal structure can be preserved by these cell cycle
genes. Since cell division and growth are the primary factors
that drive plant growth, increased levels of these genes could
allow the preservation of plant development in dealing with
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the ensuing stresses, as demonstrated in numerous studies.
For instance, the overexpression of the genes CYCBI;I and
CYCB2;2 in rice plants resulted in accelerated plant develop-
ment (Lee et al., 2003), and MCM6 might have a function in
the normal progression of DNA replication, thereby granting
transgenic tobacco resistance to salinity (Dang et al., 2011).
These results offer compelling evidence that resistance to
salinity and plant development were both improved by H,0,
pretreatment. However, it is still unknown how low amounts
of H,0, enhance plant growth and cell cycle advancement.
Moreover, it was suggested that pre-treatment with H,O,
led to an increase in the levels of ROS-scavenging enzymes
and the expression of the genes for pyrroline-5-carboxylate
synthase, sucrose-phosphate synthase, and small heat shock
protein 26. These results suggest that nitric oxide (NO) and
H,O, function as signaling molecules that alter the tolerance
to heat and salinity stress by controlling the expression of
genes relevant to stress (Uchida et al., 2002).

H,0, priming can influence hormone signaling pathways
under salinity stress. It may enhance the expression of genes
associated with stress-responsive hormones, including ABA,
ET, SA, and jasmonic acid (JA), which play crucial roles in
stress signaling and tolerance. Additionally, it may impact
the expression of genes associated with hormone secretion,
metabolism, and signaling cross-talk (Saxena et al., 2016).
A recent study, in Arabidopsis, found that numerous genes
related to hormone manufacture or connected signaling pro-
cesses were upregulated in response to H,O, pretreatment.
The earliest steps of ABA and ET biosynthesis are aided by
ABAI and ACS6, while ABA3, ABI2, ERF1, ERF4, ERF6,
ERF106, MYB51, WRKY70, and VSPI are involved in the
transduction of ABA, ET, or JA signals (Q. Zhang et al.,
2022). Besides, H,O, pretreatment led to the induction of
RBOHD, a significant member of the RBOH family. In the
response of phytohormones and H, O, to diverse environmen-
tal stimuli, RBOHs have been identified as significant targets
(Yao et al., 2017).

Under H,O,+salt stress treatment, Arabidopsis also exhib-
ited a strong concentration of upregulated osmotic stress-
responsive genes. P5CS1 encodes a crucial enzyme in proline
biosynthesis to enhance the accumulation of proline, while
RD29A and RD29B encode hydrophilic proteins that func-
tion as protective molecules under osmotic tension (Feng
et al., 2016). On the other hand, studies showed that high
salinity followed by a low level of H,O, pretreatment, either
separately or together, promoted the expression of cell wall
remodeling genes. The class B endoglucanases AtGH9BI,
AtGH9BS, and AtGH9BI13 and the class C endoglucanase
AtGH9C2 all control the production of cellulose. It has been
demonstrated that upregulating FUT4 thickens plant cell walls
and improves plant salt tolerance which is responsible for
fucosylating AGPs in leaves (Tryfona et al., 2014). Figure 2
provides a summary of the connections between H,O, sig-

naling and molecular mechanisms. This figure illustrates the
complex interactions between H,O, signaling, environmental
and metabolic stimuli, their aftereffects, and plant growth. It
seems that the signaling, growth, stress responses, and stress
tolerance of plant cells appear to be influenced by H,O,.

Regarding the proteomic changes in response to H,O,
priming, different mechanisms have been reported. First,
it may induce the upregulation or downregulation of spe-
cific proteins involved in stress response, such as antiox-
idant enzymes, ion transporters, osmoprotectant synthesis
enzymes, chaperones, and stress signaling components. These
differentially expressed proteins contribute to improved salin-
ity stress tolerance. In a study on maize, H,O, priming
resulted in the upregulation of several stress-related proteins,
including SOD, peroxidase, APX, and heat shock proteins.
These proteins play crucial roles in antioxidant defense,
stress signaling, and protein protection (Aratjo et al., 2021).
Through targeted proteome reprogramming, H,O, priming in
maize improved shoot development by increasing dry mass
by 61% and improved responsiveness to salinity by a 16%
reduction in Na* concentration. The proteins were linked to
photosynthesis, redox homeostasis, and state redox, which are
vital metabolic processes for preserving chloroplast organiza-
tion and carbon fixation in plants under saline stress (Araujo
et al., 2021). Citrus plants’ ability to survive high salinity was
improved by pre-treating them with H,O, or SNP. The find-
ings revealed interactions between H,O, and NO-signaling
processes in plants under NaCl stress and added evidence
to the notion that both of these molecules act as priming-
active molecules to trigger systemic adaptation against salt.
Citrus NaCl-stressed leaves were demonstrated to result in a
particular proteome reprogramming following H,O, or SNP
pre-exposure, which allowed avoiding the aggregation of a
significant number of NaCl-responsive proteins and most
likely accounted for the observed phenotypes. Furthermore,
it appears that a crucial mechanism by which H,O, and NO
set the citrus plant up to enhance the plant’s ability to cope
with salinity stress is the control of protein carbonylation and
S-nitrosylation (Tanou et al., 2009).

A short oxidative burst from H,O, priming may stimu-
late signaling pathways in plants, causing an accumulation
of latent defense proteins that puts the plant in a primed
condition and makes it more resistant to stress in the future
(Hossain et al., 2015). It is noteworthy that H,O, prim-
ing also increased the expression of a P-protein called the
glycine cleavage complex that is crucial for C3 plants’ pho-
torespiration (Araujo et al., 2021). Furthermore, the buildup
of essential proteins, such as stress-responsive proteins, sug-
gests that H,O, priming could function as a stress elicitor
in maize leaves, which is not surprising given that H,O,
participates in signaling biotic and abiotic stimuli and mod-
ulating phytohormone activity (Cerny et al., 2018). In plants
exposed to salinity, H,O, priming increased the expression of
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Plants respond to salt stress after
H202 pretreatment via intricate signal
transduction mechanisms
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proteins involved in CO, assimilation, such as ribulose 1,5-
bisphosphate carboxylase and rubisco large subunit-binding
protein subunit alpha. As a result of the overexpression of
these proteins in maize plants, photosynthesis was improved
(Dos Santos Aradjo et al., 2021), and the increased growth
led to reduced salt effects (Salesse-Smith et al., 2018). After
fruit protein pKIWI502 was upregulated, the plants pretreated
with H,0, also displayed an adjustment in redox homeosta-
sis proteins. Besides, modifications were implemented to the
ferredoxin isoforms through upregulation, downregulation,
and repression of the ferredoxin (Aratijo et al., 2021). On the
other hand, H,O, priming maintained the majority of proteins
that were elevated through salt stress, decreasing the expres-
sion of only cysteine synthase and increasing the expression of
S-adenosylmethionine synthetase 1 (SAM), a stress response
protein required for the production of S-adenosylmethionine
from methionine and ATP. In addition to regulating reactions
to abiotic stressors, SAM functions as a precursor for the
manufacture of polyamines (Saha et al., 2015). Accordingly,
increased photosynthetic rates and biomass buildup caused by
overexpression of the S-adenosylmethionine synthetase gene
have been directly linked to improved resistance to salinity
(Ma et al., 2017). Furthermore, because it contains a large
family of RNA-binding proteins linked to mRNA metabolic
processes in addition to a variety of functions including DNA
repair, chromatin remodeling, telomere biogenesis, cell sig-
naling, and development regulation, the ribonucleoprotein de
novo synthesized could result in a better response to environ-

Created in BioRender.com bio

A graphic depiction of the main molecular mechanisms in response to H,O, treatment and how they could improve salinity stress

mental stress (Ciuzan et al., 2015). Moreover, the increased
putative plastid-lipidassociated protein 2 can shield plants
from stress by reducing the oxidation of thylakoid membranes
(Tamburino et al., 2017). Three-phosphoglycerate kinase and
triosephosphate isomerase, two proteins linked to the gly-
colytic and metabolic procedures, were downregulated by
H, 0, priming in maize plants during salinity in order to mod-
ify energy metabolism. Similar to sensitive plants, which need
to produce large amounts of ATP to tolerate stress, abiotic
stress-tolerant plants aggregated fewer proteins associated
with energy metabolism (L. Cheng et al., 2016). Therefore,
the H,O, priming reduced the negative impacts of salinity by
enhancing carbon assimilation-related proteins, conserving
energy, and maintaining homeostasis redox in maize plants
(Aragjo et al., 2021). Table | summarizes a list of dysreg-
ulated proteins involved in response to H,O, priming under
salinity stress.

3.3 | Applications of H,0, priming in
conventional agriculture

In recent decades, the use of H,O, priming to mitigate the
effects of salinity stress in agriculture by different pathways
has been the focus of researchers as an alternative/novel tech-
nique. Tania et al. (2022) reported that H,O, priming can
enhance the stress tolerance of kidney bean by activating
various protective mechanisms. In sunflower, the findings
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TABLE 1
H,0, priming under salinity stress.

A list of dysregulated proteins involved in response to

Protein category Subgroups
Photosynthesis/

carbon metabolism  Rypisco, large subunit- binding protein,

subunit alpha

Rubisco, large subunit, partial

Energy metabolism 3-Phosphoglysrate kinase, partial
Triosephosphase isomerase
Malate dehydrogenase
Ferredoxin

Fruit protein pKIWI502

S-Adenosylmethonine synthetase 1

Redox homeostasis

Response to stress
Cystein synthase
RNA metabolism Rhibonucleoprotein

Unknown proteins Putative plastid lipid-associated protein 2

of Silvia et al. (2020) showed that this technique promotes
antioxidant defense systems, ion homeostasis, osmotic reg-
ulation, and stress signaling pathways and ultimately leads
to improved plant performance under salinity stress con-
ditions. Indeed, the findings showed that by maintaining
normal physiological functions, enhancing plant adaptation,
and subsequently improving stress tolerance, H,O, priming
has the potential to increase the quality and quantity of crops
and decrease the detrimental effects of salt stress in saline
environments (Shively et al., 2013; Silva et al., 2020).

There are also challenges associated with H,O, priming
for salinity stress in agriculture. In this regard, determining
the appropriate concentration and timing of H,O, priming
is crucial. While low concentrations of H,O, can induce
stress tolerance, excessive concentrations can have detrimen-
tal effects on plant growth and cellular functions (Silva et al.,
2020). Fine-tuning the priming conditions is necessary to
ensure optimal results. Moreover, the response to H,O, prim-
ing can vary among different plant species and cultivars. Some
plants may exhibit better priming responses than others. For
example, studies have shown that the exogenous application
of 10 mM and 160 uM H,O, solution as a priming agent
induces tolerance to salinity stress in maize leaves and milk
thistle (Silybum marianum) seeds, respectively. Therefore, it
is essential to identify suitable crop varieties and assess their
responsiveness to H,O, priming under salinity stress. Envi-
ronmental factors, such as temperature, humidity, and light
intensity, can also influence the effectiveness of H,O, prim-
ing. These conditions should be carefully considered and
controlled to maximize the benefits of priming in agricul-
tural settings. Information about the concentration and time of
priming plants with H,O,, the positive effects, and the mech-
anism of positive effects of hydrogen peroxide in alleviating
the detrimental effects of salinity stress in several plants are
presented in Table 2.

In summary, H,O, priming can be integrated with other
agronomic practices and stress management strategies to
enhance salinity stress tolerance further. Combining prim-
ing with proper irrigation techniques, soil amendments, and
genetic approaches can potentially result in synergistic effects
and better crop performance under salinity conditions. The
development of commercially available H,O, priming prod-
ucts can provide a practical and convenient solution for
farmers. These products can be formulated to ensure opti-
mal concentration and stability, making them easier to use
and apply on a large scale. Further research on the molecular
mechanisms underlying H,O, priming can open new avenues
for improving crop tolerance to salinity stress. Investigating
the specific genes, proteins, and signaling pathways involved
in the priming process can lead to the development of targeted
strategies for crop improvement.

3.4 | Applications of H,0, priming in
modern plant science and related technologies

In plant breeding programs and genetic engineering (e.g.,
transgenic technology, gene mutation, and polyploidy breed-
ing), future opportunities associated with H,O, priming
should not be declined. Tissue culture as one of the neces-
sities of breeding and genetic engineering programs can be
introduced as one of the application fields of priming pro-
grams for future studies because priming can be applied to
organs or their fragments excised from donor plants using
in vitro culture (Wiszniewska, 2021). Such a method is rela-
tively labor-consuming and requires the necessary laboratory
equipment to establish propagating cultures. However, an
unavoidable advantage of this approach is the possibility of
a large-scale screening of priming compounds according to
their forms or concentration (Moghanloo et al., 2019). In
fact, tissue culture conditions can be considered a stressful
environment, so priming can induce and maintain reproduc-
tive activity, improve plant growth and tolerance, improve
seedling emergence and performance, and reduce the possible
risk caused by environmental factors and efficient regener-
ation, especially in endangered species (Singh et al., 2015).
Moreover, priming can be done in the form of specific manip-
ulations during cultivation, the use of chemical compounds
in the culture medium or pretreatment of the explant before
the start of cultivation, or in the form of biotization of the
culture with growth-stimulating microorganisms (Nowak &
Shulaev, 2003). Another main purpose of in vitro priming is
to stimulate the morphogenetic responses of explants as well
as the synthesis and release of biologically active compounds
(Rezaei et al., 2018).

The success of in vitro priming using priming agents of
physical, chemical, and biotic natures by inducing oxida-
tive bursts or regulating key genes of secondary metabolites
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TABLE 2
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Information about the concentration, time of priming plants with H,O,, and the positive effects and the mechanism of these effects

in alleviating the detrimental effects of salinity stress.

Plant

Silybum
marianum

Brassica
oleracea

Zea mays

Triticum
aestivum

Ficus
deltoidea

Concentrations of
H,0,/duration of

treatment
160 uM/8 h

120 uM/12 h

10 mM/24 h

100 uM/6 h

16 and 30 mM/once

a week

Positive effects

Increasing growth,
development, and salinity
tolerance in primed plants.

Increasing the level of seed
superoxide anion (fivefold),
H,O0, (fourfold), and MDA
content (2.4-fold) at the
primed seedlings and
triggering the overall
seedling antioxidant
defense, including
enzymatic (SOD, CAT,
GPX, and APX) and
non-enzymatic systems
(AsA, GSH, and proline).

Modulation of some
metabolites such as arabitol,
glucose, asparagine, and
tyrosine to the maintenance
of osmotic balance and
oxidative reduction,
maintenance and enhancing
the efficiency of
photosynthetic machinery
by higher photosynthetic
rates, reducing W's (osmotic
leaf potential), maintenance
of chloroplast ultrastructure,
and reduced ROS even
under salinity.

A positive effect on the
growth, increasing the level
of thiobarbituric acid
reactive substances, stomal
index, stomatal conductance
and root dry weight, and
reducing shoot dry weight.

Increased growth,
accumulation of mineral
(arsenic, iron, calcium, and
potassium), stimulation of
bioactive compounds (total
phenolic, flavonoid content,
vitexin, and isovitexin
content), increased the leaf
chlorophyll content, net
photosynthetic rate,
stomatal conductance, and
quantum yield.

Mechanisms

Improvements in physiological
attributes.

Stimulating the antioxidant system
and maintaining the redox
balance.

Maintaining high levels of
photosynthetic pigments,
elevated parameters of
photochemical efficiency
(Fv/Fm), and regular
phosphoenolpyruvate
carboxylase activity recovered;
(ii) preserving the chloroplast

ultrastructure by decreasing both

endogenous H,O, and ¢02~
contents; and (iii) regulate
metabolites to the
reestablishment of osmotic
homeostasis and the scavenging
of ROS.

Stimulating the SOD activity
against salt stress.

Increased stomatal opening and
accumulated photosynthetic
pigments. Produce a vigorous
root system to increase the level
of absorption area.

Type of

priming Reference

Seed Migahid et al.
priming (2019)
by H,0,

Seed Ellouzi et al.
priming (2021)
by H,0,

Foliar Aratjo et al.
H,0, (2021)
priming

Seed Arican and
priming Demirbas
by H,0, (2022)

Foliar Nurnaeimah
H,0, et al. (2020)
priming

(Continues)
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TABLE 2 (Continued)
Concentrations of
H,0,/duration of
Plant treatment
Helianthus 1 mM with one
annuus application
Triticum 1 mM/8 h
aestivum
Ocimum 1 uM/48 h
basilicum
Pistacia vera 1 mM /24 h
Cucumis 1.5 mM/8 h
sativus

Positive effects

An increase of 12% in the dry
masses of leaves, 31% in the
dry masses of stem, 33% in
the dry masses of root, 23%
in the total dry mass, 39% in
the contents of Chl a, and
33% in the Chl a + b.

An increase of 53% and 20%
in the water saturation
deficit, 39% and 63% in the
water content at saturation,
30% and 28% in the leaf
succulence, 53% in the
sclerophylly index.

An increase in the levels of
soluble carbohydrates and
free proline.

An increase in the APX
activity of leaves and roots
on an average 2.2- and
2.3-fold, respectively.

An increase of 9% in the CAT
activity.

Improvement of plant growth
parameters, physiological
parameters (CAT,
peroxidase, and APX),
pigments content, proline
level, and mineral uptake
(K*+, Ca’*, and Mg?t).

Increase in essential oil
content, yield, productivity,
and leaf succulence.

Improvement of growth and
reduction of total ascorbic
acid and carotenoid and
strong induction of APX
and CAT activities.

A decrease in the MDA
content and a decrease in
the GSH (reduced
glutathione) content.

Increase in the activities of
antioxidative enzymes such
as manganese SOD, GPX,
CAT, guaiacol peroxidase,
APX, glutathione reductase,
monodehydroascorbate
reductase, dehydroascorbate
reductase, and the
antioxidants ascorbate and
reduced glutathione.

Reducing the accumulation of
O2e~ and H,0,.

Mechanisms

The balance of ion homeostasis (by

reducing the levels of Na™ and
CI~ and increasing the levels of
K™ ) and homeostasis redox
(due to increased antioxidant
activity, mainly CAT).

Energizing the cell division and
formation of the secondary cell
wall, increasing the antioxidant
capacity of the cell, preventing
the chlorophyll catabolism and
increasing the activity of the
antioxidant system.

Improving the content of organic
solutes plants, water uptake,
dilution of Na* and CI~, and
consequently, reduction of the
toxic effects of these ions.

Osmotic adjustment through
enhancing activities of
antioxidant enzymes or
non-enzymatic antioxidant
contents.

Increasing antioxidant activity and

decreasing lipid peroxidation to
some extent, and thereby
protecting the ultrastructure of
most membranes (chloroplasts
and mitochondria).

Agronomy Journal 1

Type of

priming Reference

Foliar Silva et al.
H,0, (2020)
priming

Seed Abdel Latef
priming etal. (2019)
by H,0,

Foliar H. Silva et al.
H,0, (2019)
priming

Foliar Bagheri et al.
H,0, (2019)
priming

Foliar Z.J. Liu et al.
H,0, (2010)
priming

(Continues)
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TABLE 2 (Continued)
Concentrations of
H,0,/duration of

Plant treatment Positive effects

Allium cepa 1 mM/8 h The increase in plant growth,
productivity and water use
efficiency, accumulation of
compatible-solutes (polyols,
sugars, and proline).

Oryza sativa 1-10 mM/12 h Increase in the activity of
APX, CAT, POD, SOD, and
glucose-6-phosphate
dehydrogenase in a
concentration-dependent
manner.

Brassica 20 mM/12 h Improving growth, increasing

napus soluble sugars, reducing

starch, changing Na*
distribution in shoots,
increasing phenolic
accumulations, and
stimulating the antioxidant
defense systems (SOD,
CAT, and POD).

Type of
Mechanisms priming Reference
Improving the photosynthetic Foliar Semida (2016)
efficiency and plant water status H,0,
by relative water content and priming
membrane stability index.
Enhancing the cellular antioxidant Foliar X. Wang et al.
level. H,0, (2013)
priming
Modulating the antioxidative Seed Karimi et al.
mechanism involved in priming (2020)
removing ROS and maintaining by H,0,

the cell membranes integrity.

Abbreviations: AsA, ascorbate; APX, ascorbate peroxidase; CAT, catalase; GPX, glutathione peroxidases; GSH, glutathione; MDA, malondialdehyde; POD, peroxidase;

ROS, reactive oxygen species; SOD, superoxide dismutase.

biosynthesis in obtaining plants resistant to pathogens, metal-
lic stress, and also salinity stress has been reported (Chun
et al., 2018; Gangopadhyay et al., 2016; Kopyra et al., 2003;
Mhlongo et al., 2014; Paulert et al., 2010). For example,
Khairy et al.’s (2016) in vitro study showed that the appli-
cation of NO as a priming agent to tobacco plants cultured
in vitro in the presence of cadmium or copper ameliorated
growth by elevating rubisco and rubisco activase activity
in comparison with plants treated with toxic metals without
nitric oxide pretreatment.

Although reports evaluating the effects of typical priming
in in vitro culture are still scarce due to the novelty of this
concept, the aforementioned findings may be used to improve
our knowledge of H,O, priming—salinity interaction in vitro
for possible exploitation in plant science and related tech-
nologies. However, it should be emphasized that convincing
evidence of this interaction is rare, and further studies are
needed to figure out the potential benefits of in vitro priming
(H,0,) technology in plant science.

4 | CHALLENGES AND
DISADVANTAGES

While the present review highlights the potential benefits of
H,0, priming as an economical non-expensive and easy-to-
handle way, there is still a significant gap between research

on H,O, priming and its practical application in agriculture.
Therefore, addressing the challenges and barriers that hinder
its widespread implementation would provide a more compre-
hensive perspective. Some of these challenges are mentioned
below.

According to the published articles, priming can be used
in different growth stages of the plant life cycle and in differ-
ent parts of the plant, but in the case of hydrogen peroxide,
the reports are related to seeds (often) and the foliar parts
of plants (rarely). The reason for more use of seeds is prob-
ably the simplicity of implementing this technique in terms
of laboratory facilities, experts, and operational costs. How-
ever, several challenges could be highlighted for seed priming.
After priming, the seeds are redried to their original moisture
content to allow the storage of the primed seeds, or they can
be sown directly. The primary disadvantage observed with
primed seeds is that the rapid redrying process can reduce
the longevity of the seeds, so the storage life of primed seeds
can be shorter than that of unprimed seeds. Priming may also
result in the loss of seed desiccation tolerance, and there may
be inconsistencies in germination performance. However, the
optimization of the seed priming process is necessary espe-
cially at the commercial scale, due to several factors that can
affect the seed response to primers, such as the concentration
of the priming solution, the osmotic or matric potential, the
duration of priming, temperature, seed vigor, plant species,
storage condition, and the extent of aeration. Examples
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A = Control

FIGURE 3

Germination under the influence of genotypes, salinity levels, and H,O, treatment on wheat genotypes. Different H,O,

concentrations significantly influenced the germination percentage, which improved with the increasing concentration of hydrogen peroxide both in

water and NaCl treatments irrespective of cultivars (taken from Panhwar et al., 2021).

0 mM NacCl

150 mM NaCl

UPS  PGA,

FH0,

UPS PGA, P NaCl

FIGURE 4 The impact of three seed priming agents; H,0,, gibberellic acid, and NaCl on the oxidative stress status in primed seed (P) and

un-primed seed (UPS) germination dynamics and growth establishment of cauliflower seedlings subsequently grown under salt stress. These findings

support the hypothesis that cauliflower plants, when exposed to salt stress benefit from H,O, seed priming, as a pre-germination stimulus, to prevent

itself from subsequent oxidative injuries (salt stress) (taken from Ellouzi et al., 2021).

illustrating the impact of the concentration of the prim-
ing solution (H,0O,) and various priming agents on seed
germination are depicted in Figures 3 and 4, respectively.
Based on the mentioned points, the following questions
are still open: Is it better to use seed or seedling priming for
specific stress/species? What is the economic way with the
best potential for priming plants with H,O, especially at a
commercial scale and under field conditions? Among the fol-
lowing methods of H,O, priming, which one yields the best
results, seed or seedling priming, priming by H,O, to the
soil or in the hydroponics solution, or priming by spraying
foliar? The ways regarding hydrogen peroxide priming have

not been investigated so far. Moreover, little information has
been reported on the seedling development of plants subse-
quent to seed priming at the commercial scale and under field
conditions.

On the other hand, the role of different parts of plants
priming varies with plant species, and it generally depends
on the type of primer and also the nature of applied stress.
Hence, determining whether H, O, priming may protect plants
from oxidative stress often induced by salinity in the mul-
tiple priming methods or various biotic or abiotic stresses
at the same time deserves attention. However, the effects
of H,O, priming in multiple priming/stresses conditions on
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antioxidant machinery, growth, development, and so on, of
the salt-stressed plants are still unclear.

However, several other fundamental questions still remain,
which according to our comprehensive review, no scientific
reports have been published in these fields. For example, can
the beneficial effects of H,O, application only be observed
in plants under salinity stress? Can the signals generated
in the primed tissues also be transferred to the next gener-
ations? Could plants grown from primed tissues use these
early signals for a better reaction during growth under salt
stress conditions? Do the beneficial effects of H,O, applica-
tion occur in all plants and for all types of stresses? In which
plnants do these effective signals end with the end of the salin-
ity stress? What happens with recurrent stresses? Can H,0,
priming cause significant negative reactions? In addition, the
effectiveness of factors such as cost, scalability, and potential
limitations in different agricultural systems have not yet been
evaluated by researchers.

5 | CONCLUDING REMARKS AND
FUTURE PERSPECTIVES

In conclusion, as described in this review, H,O, pre-priming
of seeds, seedlings, or other parts of plants as an infer-
ential signal that aids in protecting plants against salinity
stress has important features: it is easily applied to numer-
ous plants, is not labor-consuming, does not require complex
laboratory equipment, and is relatively inexpensive. For these
reasons, H,O, priming can be routinely considered a promis-
ing candidate in agricultural (conventional and modern) and
horticultural practice worldwide. These are inevitable advan-
tages over the induction of stress tolerance through modern
genetic engineering techniques, and thus new and improved
H, O, priming methods are expected to be continuously devel-
oped. Therefore, the collective knowledge gathered here,
covering various aspects of the H,O, priming phenomenon,
may facilitate the design and conduct of future research on
plant tolerance to salinity or other abiotic stresses. However,
future research needs to focus on several issues: elucidating
how priming can be applied on a large scale to diverse plants,
understanding biochemical and molecular mechanisms of
H,0O, priming for precise and reliable applications of this
approach, understanding specific roles of H,O, signaling
under stressed/non-stressed conditions in the conflict between
crops/plants and ecological variables for advancing sustain-
able farming, investigating the evolutionary and ecological
function of priming, and figuring out the potential benefits
of in vitro priming (H,0,) technology in plant science.

AUTHOR CONTRIBUTIONS
Kiarash Jamshidi Goharrizi: Conceptualization; investi-
gation; project administration; writing—review and editing.

Soraya Karami: Conceptualization; investigation; project
administration; writing—review and editing. Sedighe
Ghanaei: Investigation; writing—original draft.

ACKNOWLEDGMENTS

We would like to acknowledge Department of Plant Pathol-
ogy, University of California Davis for supporting this
study.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

ORCID
Kiarash Jamshidi Goharrizi
5351-3577

https://orcid.org/0000-0002-

REFERENCES

Abdel Latef, A. A. H., Kordrostami, M., Zakir, A., Zaki, H., & Saleh, O.
M. (2019). Eustress with H,0, facilitates plant growth by improving
tolerance to salt stress in two wheat cultivars. Plants, 8(9), 303. https://
doi.org/10.3390/plants8090303

Aratjo, G. D. S., Lopes, L. S., Paula-Marinho, S. O., Mesquita, R. O.,
Nagano, C. S., Vasconcelos, F. R., de Carvalho, H. H., Moura, A. A.
A. N., & Marques, E. C. (2021). & Gomes-Filho, E. H,0, priming
induces proteomic responses to defense against salt stress in maize.
Plant Molecular Biology, 106, 33-48.

Arican, E. S., & Demirbas, S. (2022). Effects of sequential hydrogen
peroxide applications on salt stress tolerance in bread wheat varieties.
Journal of Agricultural Sciences, 28(4), 592-602. https://doi.org/10.
15832/ankutbd.896112

Ashfaque, F., Khan, M. I. R., & Khan, N. A. (2014). Exogenously
applied H,O, promotes proline accumulation, water relations, pho-
tosynthetic efficiency and growth of wheat (Triticum aestivum L.)
under salt stress. Annual Research Review in Biology, 4, 105-120.
https://doi.org/10.9734/ARRB/2014/5629

Azevedo Neto, A. D., Prisco, J. T., & Gomes-Filho, E. (2009). Changes in
soluble amino-N, soluble proteins and free amino acids in leaves and
roots of salt-stressed maize genotypes. Journal of Plant Interactions,
4(2), 137-144. https://doi.org/10.1080/17429140902866954

Bagheri, M., Gholami, M., & Baninasab, B. (2019). Hydrogen peroxide-
induced salt tolerance in relation to antioxidant systems in pistachio
seedlings. Scientia Horticulturae, 243, 207-213. https://doi.org/10.
1016/j.scienta.2018.08.026

Cai, Z. Q., & Gao, Q. (2020). Comparative physiological and bio-
chemical mechanisms of salt tolerance in five contrasting highland
quinoa cultivars. BMC Plant Biology, 20(1), 70. https://doi.org/10.
1186/s12870-020-2279-8

Capone, R., Tiwari, B. S., & Levine, A. (2004). Rapid transmission
of oxidative and nitrosative stress signals from roots to shoots in
Arabidopsis. Plant Physiology and Biochemistry, 42(5), 425-428.
https://doi.org/10.1016/j.plaphy.2004.03.005

éern)’/, M., Habéanova, H., Berka, M., Luklov4, M., & Brzobohaty, B.
(2018). Hydrogen peroxide: Its role in plant biology and crosstalk with
signalling networks. International Journal of Molecular Sciences,
19(9), 2812. https://doi.org/10.3390/ijms 19092812

Chattha, M. U., Hassan, M. U. U., Khan, I., Nawaz, M., Shah, A. N.,
Sattar, A., Hashem, M., Alamri, S., Aslam, M. T., Alhaithloul, H. A.

85UB017 SUOWIWIOD SAeaID 3|(dedldde 8Ly Aq peusenof ae Sspiie O ‘8sN JO SaInJ 10} A%Iq1T8UlJUO AB]1M UO (SUONIPUOD-PUe-SWLBYW00 A8 1M ARe.q Ul [Uo//:Sdny) SUOIIPUOD Pue SwLB | 8L 88S " [7202/20/c0] Uo Ariqiauliuo 8|1 ‘sineq -eiuioyied JO AsAlN AQ 7ESTZ 21Be/Z00T 0T/I0p/W00 A8 1M Alelq Ul |U0'SSesde//:Sdny Wouy pepeojumod ‘0 ‘Sra0serT


https://orcid.org/0000-0002-5351-3577
https://orcid.org/0000-0002-5351-3577
https://orcid.org/0000-0002-5351-3577
https://doi.org/10.3390/plants8090303
https://doi.org/10.3390/plants8090303
https://doi.org/10.15832/ankutbd.896112
https://doi.org/10.15832/ankutbd.896112
https://doi.org/10.9734/ARRB/2014/5629
https://doi.org/10.1080/17429140902866954
https://doi.org/10.1016/j.scienta.2018.08.026
https://doi.org/10.1016/j.scienta.2018.08.026
https://doi.org/10.1186/s12870-020-2279-8
https://doi.org/10.1186/s12870-020-2279-8
https://doi.org/10.1016/j.plaphy.2004.03.005
https://doi.org/10.3390/ijms19092812

JAMSHIDI GOHARRIZI ET AL.

S., Hassan, M. U., & Qari, S. H. (2022). Hydrogen peroxide priming
alleviates salinity induced toxic effect in maize by improving antioxi-
dant defense system, ionic homeostasis, photosynthetic efficiency and
hormonal crosstalk. Molecular Biology Reports, 49(6), 5611-5624.
https://doi.org/10.1007/s11033-022-07535-6

Chaves, M. M., Flexas, J., & Pinheiro, C. (2009). Photosynthesis under
drought and salt stress: Regulation mechanisms from whole plant to
cell. Annals of Botany, 103(4), 551-560. https://doi.org/10.1093/aob/
menl25

Cheng, L., Wang, Y., He, Q., Li, H., Zhang, X., & Zhang, F. (2016).
Comparative proteomics illustrates the complexity of drought resis-
tance mechanisms in two wheat (Triticum aestivum L.) cultivars under
dehydration and rehydration. BMC Plant Biology, 16(1), 188. https://
doi.org/10.1186/s12870-016-0871-8

Cheng, Y., & Song, C. (2006). Hydrogen peroxide homeostasis and sig-
naling in plant cells. Science in China: Series C Life Sciences, 49(1),
1-11.

Chun, H. J,, Baek, D., Cho, H. M., Jung, H. S., Jeong, M. S., Jung, W.
H., Choi, C. W,, Lee, S. H., Jin, B. J., Park, M. S., Kim, H. J., Chung,
W. S, Lee, S. Y., Bohnert, H. J., Bressan, R. A., Yun, D. J., Hong,
Y. S., & Kim, M. C. (2018). Metabolic adjustment of Arabidopsis
root suspension cells during adaptation to salt stress and mitotic stress
memory. Plant and Cell Physiology, 60, 612—-625. https://doi.org/10.
1093/pcp/pcy231

Ciuzan, O., Hancock, J., Pamfil, D., Wilson, 1., & Ladomery, M.
(2015). The evolutionarily conserved multifunctional glycine-rich
RNA-binding proteins play key roles in development and stress adap-
tation. Physiologia Plantarum, 153(1), 1-11. https://doi.org/10.1111/
ppl.12286

Cova, A. M. W,, de Azevedo Neto, A. D., Ribas, R. F., Gheyi, H. R,
& Menezes, R. V. (2016). Inorganic solute accumulation in noni
(Morinda citrifolia Linn) under salt stress during initial growth.
African Journal of Agricultural Research, 11(35), 3347-3354.

Cunningham, G. L., & Strain, B. (1969). An ecologial significance of
seasonal leaf variability in a desert shrub. Ecology, 50(3), 400-408.
https://doi.org/10.2307/1933890

Dang, H. Q., Tran, N. Q., Gill, S. S., Tuteja, R., & Tuteja, N. (2011).
A single subunit MCM6 from pea promotes salinity stress tolerance
without affecting yield. Plant Molecular Biology, 76(1-2), 19-34.
https://doi.org/10.1007/s11103-011-9758-0

de Azevedo Neto, A. D., Prisco, J. T., Enéas-Filho, J., Medeiros, J. V.,
& Gomes-Filho, E. (2005). Hydrogen peroxide pre-treatment induces
salt-stress acclimation in maize plants. Journal of Plant Physiology,
162(10), 1114-1122. https://doi.org/10.1016/j.jplph.2005.01.007

Desikan, R., A-H-Mackerness, S., Hancock, J. T., & Neill, S. J. (2001).
Regulation of the Arabidopsis transcriptome by oxidative stress. Plant
Physiology, 127(1), 159-172. https://doi.org/10.1104/pp.127.1.159

Dos Santos Aratijo, G., de Oliveira Paula-Marinho, S., de Paiva Pinheiro,
S. K., de Castro Miguel, E., de Sousa Lopes, L., Camelo Marques,
E., de Carvalho, H. H., & Gomes-Filho, E. (2021). H,O, priming
promotes salt tolerance in maize by protecting chloroplasts ultra-
structure and primary metabolites modulation. Plant Science: An
International Journal of Experimental Plant Biology, 303, 110774.
https://doi.org/10.1016/j.plantsci.2020.110774

Ellouzi, H., Oueslati, S., Hessini, K., Rabhi, M., & Abdelly, C. (2021).
Seed-priming with H,O, alleviates subsequent salt stress by prevent-
ing ROS production and amplifying antioxidant defense in cauliflower
seeds and seedlings. Scientia Horticulturae, 288, 110360. https://doi.
org/10.1016/j.scienta.2021.110360

Agronomy Journal 15

Fedina, 1. S., Nedeva, D., & Cicek, N. (2009). Pre-treatment with H,O,
induces salt tolerance in Barley seedlings. Biologia Plantarum, 53(2),
321-324. https://doi.org/10.1007/s10535-009-0058-3

Feng, X.J.,Li,J.R., Qi, S. L., Lin, Q. F,, Jin, J. B., & Hua, X. J. (2016).
Light affects salt stress-induced transcriptional memory of PSCS1 in
Arabidopsis. Proceedings of the National Academy of Sciences of the
United States of America, 113(51), E8335-E8343.

Gangopadhyay, M., Gantait, S., Palchoudhury, S., Ali, N., Mondal,
C., & Pal, A. K. (2016). UVC-priming mediated modulation of
forskolin biosynthesis key genes against Macrophomina root rot of
Coleus forskohlii—A tissue culture based sustainable approach. Phy-
tochemistry Letters, 17,36—44. https://doi.org/10.1016/j.phytol.2016.
06.007

Gondim, F. A., Gomes-Filho, E., Costa, J. H., Mendes Alencar, N. L.,
& Prisco, J. T. (2012). Catalase plays a key role in salt stress accli-
mation induced by hydrogen peroxide pretreatment in maize. Plant
physiology and biochemistry. Plant Physiology and Biochemistry, 56,
62-71.

Gonzalez, A., Cabrera Mde, L., Henriquez, M. J., Contreras, R. A.,
Morales, B., & Moenne, A. (2012). Cross talk among calcium,
hydrogen peroxide, and nitric oxide and activation of gene expres-
sion involving calmodulins and calcium-dependent protein kinases in
Ulva compressa exposed to copper excess. Plant Physiology, 158(3),
1451-1462. https://doi.org/10.1104/pp.111.191759

Grant, J. J., Yun, B. W., & Loake, G.J. (2000). Oxidative burst and cog-
nate redox signalling reported by luciferase imaging: Identification
of a signal network that functions independently of ethylene, SA and
Me-JA but is dependent on MAPKK activity. The Plant Journal: For
Cell and Molecular Biology, 24(5), 569-582. https://doi.org/10.1046/
j-1365-313x.2000.00902.x

Habib, N., Ali, Q., Ali, S., Javed, M. T., Zulqurnain Haider, M., Perveen,
R., Shahid, M. R., Rizwan, M., Abdel-Daim, M. M., Elkelish, A., &
Bin-Jumah, M. (2020). Use of nitric oxide and hydrogen peroxide for
better yield of wheat (Triticum aestivum L.) under water deficit condi-
tions: Growth, osmoregulation, and antioxidative defense mechanism.
Plants, 9(2), 285.

Hameed, A., Ahmed, M. Z., Hussain, T., Aziz, 1., Ahmad, N., Gul,
B., & Nielsen, B. L. (2021). Effects of salinity stress on chloroplast
structure and function. Cells, 10(8), 2023. https://doi.org/10.3390/
cells 10082023

Hasan, S. A., Irfan, M., Masrahi, Y. S., Khalaf, M. A., & Hayat, S. (2016).
Growth, photosynthesis, and antioxidant responses of Vigna unguic-
ulata L. treated with hydrogen peroxide. Cogent Food & Agriculture,
2(1), 1155331.

Hasanuzzaman, M., Bhuyan, M. H. M. B., Zulfiqar, F., Raza, A., Mohsin,
S. M., Mahmud, J. A., Fuyjita, M., & Fotopoulos, V. (2020). Reac-
tive oxygen species and antioxidant defense in plants under abiotic
stress: Revisiting the crucial role of a universal defense regulator.
Antioxidants (Basel, Switzerland), 9(8), 681.

Hasanuzzaman, M., Raihan, M. R. H., Masud, A. A. C., Rahman, K.,
Nowroz, F., Rahman, M., Nahar, K., & Fujita, M. (2021). Regulation
of reactive oxygen species and antioxidant defense in plants under
salinity. International Journal of Molecular Sciences, 22(17), 9326.
https://doi.org/10.3390/ijms22179326

Hossain, M. A., Bhattacharjee, S., Armin, S. M., Qian, P., Xin, W,, Li,
H. Y., Burritt, D. J., Fujita, M., & Tran, L. S. (2015). Hydrogen per-
oxide priming modulates abiotic oxidative stress tolerance: Insights
from ROS detoxification and scavenging. Frontiers in Plant Science,
6, 420. https://doi.org/10.3389/fpls.2015.00420

85UB017 SUOWIWIOD SAeaID 3|(dedldde 8Ly Aq peusenof ae Sspiie O ‘8sN JO SaInJ 10} A%Iq1T8UlJUO AB]1M UO (SUONIPUOD-PUe-SWLBYW00 A8 1M ARe.q Ul [Uo//:Sdny) SUOIIPUOD Pue SwLB | 8L 88S " [7202/20/c0] Uo Ariqiauliuo 8|1 ‘sineq -eiuioyied JO AsAlN AQ 7ESTZ 21Be/Z00T 0T/I0p/W00 A8 1M Alelq Ul |U0'SSesde//:Sdny Wouy pepeojumod ‘0 ‘Sra0serT


https://doi.org/10.1007/s11033-022-07535-6
https://doi.org/10.1093/aob/mcn125
https://doi.org/10.1093/aob/mcn125
https://doi.org/10.1186/s12870-016-0871-8
https://doi.org/10.1186/s12870-016-0871-8
https://doi.org/10.1093/pcp/pcy231
https://doi.org/10.1093/pcp/pcy231
https://doi.org/10.1111/ppl.12286
https://doi.org/10.1111/ppl.12286
https://doi.org/10.2307/1933890
https://doi.org/10.1007/s11103-011-9758-0
https://doi.org/10.1016/j.jplph.2005.01.007
https://doi.org/10.1104/pp.127.1.159
https://doi.org/10.1016/j.plantsci.2020.110774
https://doi.org/10.1016/j.scienta.2021.110360
https://doi.org/10.1016/j.scienta.2021.110360
https://doi.org/10.1007/s10535-009-0058-3
https://doi.org/10.1016/j.phytol.2016.06.007
https://doi.org/10.1016/j.phytol.2016.06.007
https://doi.org/10.1104/pp.111.191759
https://doi.org/10.1046/j.1365-313x.2000.00902.x
https://doi.org/10.1046/j.1365-313x.2000.00902.x
https://doi.org/10.3390/cells10082023
https://doi.org/10.3390/cells10082023
https://doi.org/10.3390/ijms22179326
https://doi.org/10.3389/fpls.2015.00420

JAMSHIDI GOHARRIZI ET AL.

16 Agronomy Journal

Jiang, Y. P., Cheng, F., Zhou, Y. H., Xia, X. J., Mao, W. H., Shi, K.,
Chen, Z. X., & Yu, J. Q. (2012). Hydrogen peroxide functions as a
secondary messenger for brassinosteroids-induced CO, assimilation
and carbohydrate metabolism in Cucumis sativus. Journal of Zhejiang
University Science B, 13(10), 811-823. https://doi.org/10.1631/jzus.
B1200130

Johnson, R., & Puthur, J. T. (2021). Seed priming as a cost effective
technique for developing plants with cross tolerance to salinity stress.
Plant Physiology and Biochemistry, 162, 247-257. https://doi.org/10.
1016/j.plaphy.2021.02.034

Karimi, Z., Khara, J., & Habibi, G. (2020). Combined hydrogen peroxide
and nitric oxide priming modulate salt stress tolerance in acclimated
and non-acclimated oilseed rape (Brassica napus L.) plants. Journal
of Plant Physiology and Breeding, 10(2), 27-43.

Kerchev, P., van der Meer, T., Sujeeth, N., Verlee, A., Stevens, C. V.,
Van Breusegem, F., & Gechev, T. (2020). Molecular priming as an
approach to induce tolerance against abiotic and oxidative stresses in
crop plants. Biotechnology Advances, 40, 107503. https://doi.org/10.
1016/j.biotechadv.2019.107503

Kesawat, M. S., Satheesh, N., Kherawat, B. S., Kumar, A., Kim, H. U.,
Chung, S. M., & Kumar, M. (2023). Regulation of reactive oxygen
species during salt stress in plants and their crosstalk with other sig-
naling molecules—current perspectives and future directions. Plants,
12(4), 864.

Khairy, A. I. H., Oh, M. J, Lee, S. M., Kim, D. S., & Roh, K. S.
(2016). Nitric oxide overcomes Cd and Cu toxicity in in vitro-grown
tobacco plants through increasing contents and activities of rubisco
and rubisco activase. Biochimie Open, 2, 41-51. https://doi.org/10.
1016/j.biopen.2016.02.002

Khan, A., Khan, A. L., Muneer, S., Kim, Y. H., Al-Rawahi, A., & Al-
Harrasi, A. (2019). Silicon and salinity: Crosstalk in crop-mediated
stress tolerance mechanisms. Frontiers in Plant Science, 10, 1429.
https://doi.org/10.3389/fpls.2019.01429

Khan, M. I, Fatma, M., Per, T. S., Anjum, N. A., & Khan, N. A. (2015).
Salicylic acid-induced abiotic stress tolerance and underlying mecha-
nisms in plants. Frontiers in Plant Science, 6, 462. https://doi.org/10.
3389/pls.2015.00462

Khan, M. I, Khan, N. A., Masood, A., Per, T. S., & Asgher, M.
(2016). Hydrogen peroxide alleviates nickel-inhibited photosynthetic
responses through increase in use-efficiency of nitrogen and sulfur,
and glutathione production in mustard. Frontiers in Plant Science, 7,
44. https://doi.org/10.3389/fpls.2016.00044

Khan, T. A., Yusuf, M., & Fariduddin, Q. (2018). Hydrogen peroxide
in regulation of plant metabolism: Signalling and its effect under
abiotic stress. Photosynthetica, 56(4), 1237-1248. https://doi.org/10.
1007/s11099-018-0830-8

Koh, Y. S., Wong, S. K., Ismail, N. H., Zengin, G., Duangjai, A.,
Saokaew, S., Phisalprapa, P., Tan, K. W., Goh, B. H., & Tang, S.
Y. (2021). Mitigation of environmental stress-impacts in plants: role
of sole and combinatory exogenous application of glutathione. Fron-
tiers in Plant Science, 12, 791205. https://doi.org/10.3389/fpls.2021.
791205

Kopyra, M., & Gwétzdtz, E. A. (2003). Nitric oxide stimulates seed ger-
mination and counteracts the inhibitory effect of heavy metals and
salinity on root growth of Lupinus luteus. Plant Physiology and Bio-
chemistry, 41, 1011-1017. https://doi.org/10.1016/j.plaphy.2003.09.
003

Kovtun, Y., Chiu, W. L., Tena, G., & Sheen, J. (2000). Functional analysis
of oxidative stress-activated mitogen-activated protein kinase cascade

in plants. Proceedings of the National Academy of Sciences of the
United States of America, 97(6), 2940-2945. https://doi.org/10.1073/
pnas.97.6.2940

Lee, J., Das, A., Yamaguchi, M., Hashimoto, J., Tsutsumi, N., Uchimiya,
H., & Umeda, M. (2003). Cell cycle function of a rice B2-type cyclin
interacting with a B-type cyclin-dependent kinase. The Plant Journal:
For Cell and Molecular Biology, 34(4), 417-425. https://doi.org/10.
1046/j.1365-313X.2003.01736.x

Liu, X. M., Kim, K. E., Kim, K. C., Nguyen, X. C., Han, H. J., Jung,
M. S, Kim, H. S., Kim, S. H., Park, H. C., Yun, D. J., & Chung,
W. S. (2010). Cadmium activates Arabidopsis MPK3 and MPK®6 via
accumulation of reactive oxygen species. Phytochemistry, 71(5-6),
614-618. https://doi.org/10.1016/j.phytochem.2010.01.005

Liu, Z. J., Guo, Y. K., & Bai, J. G. (2010). Exogenous hydrogen perox-
ide changes antioxidant enzyme activity and protects ultrastructure
in leaves of two cucumber ecotypes under osmotic stress. Journal
of Plants Growth Regulation, 29, 171-183. https://doi.org/10.1007/
s00344-009-9121-8

Ma, C., Wang, Y., Gu, D., Nan, J., Chen, S., & Li, H. (2017). Over-
expression of S-adenosyl-l-methionine synthetase 2 from sugar beet
M,, increased Arabidopsis tolerance to salt and oxidative stress.
International Journal of Molecular Sciences [Internet], 18(4),
847.

Melo, Y. L., Garcia, R. R., Macédo, C., Delgado, E. A. O., Maia,
J. M., & Ortega-Rodes, P. (2020). Unraveling physiological traits
of Jatropha curcas, a biodiesel plant, to overcome salinity condi-
tions. Revista Caatinga, 33, 446-457. https://doi.org/10.1590/1983-
21252020v33n217rc

Mhlongo, M. L., Piater, L. A., Steenkamp, P. A., Madala, N. E., &
Dubery, 1. A. (2014). Priming agents of plant defense stimulate
the accumulation of mono- and di-acylated quinic acids in cultured
tobacco cells. Physiological and Molecular Plant Pathology, 88,
61-66. https://doi.org/10.1016/j.pmpp.2014.09.002

Migahid, M. M., Elghobashy, R. M., Bidak, L. M., & Amin, A. W.
(2019). Priming of Silybum marianum (L.) Gaertn seeds with H,0,
and magnetic field ameliorates seawater stress. Heliyon, 5(6), e01886.
https://doi.org/10.1016/j.heliyon.2019.e01886

Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance.
Trends in Plant Science, 7(9), 405—410. https://doi.org/10.1016/
S1360-1385(02)02312-9

Moghanloo, M., Iranbakhsh, A., Ebadi, M., Nejad Satari, T., & Oraghi
Ardebili, Z. (2019). Seed priming with cold plasma and supplemen-
tation of culture medium with silicon nanoparticle modified growth,
physiology, and anatomy in Astragalus fridae as an endangered
species. Acta Physiologiae Plantarum, 41, 1-13. https://doi.org/10.
1007/s11738-019-2846-5

Neill, S.J., Desikan, R., Clarke, A., Hurst, R. D., & Hancock, J. T. (2002).
Hydrogen peroxide and nitric oxide as signalling molecules in plants.
Journal of Experimental Botany, 53(372), 1237-1247. https://doi.org/
10.1093/jexbot/53.372.1237

Nowak, J., & Shulaev, V. (2003). Priming for transplant stress resistance
in in vitro propagation. In Vitro Cellular & Developmental Biology-
Plant, 39, 107-124.

Nurnaeimah, N., Mat, N., Mohd, K. S., Badaluddin, N. A., Yusoff,
N., Sajili, M. H., Mahmud, K., Adnan, A. F. M., & Khandaker,
M. M. (2020). The effects of hydrogen peroxide on plant growth,
mineral accumulation, as well as biological and chemical proper-
ties of Ficus deltoidea. Agronomy, 10(4), 599. https://doi.org/10.3390/
agronomy 10040599

85UB017 SUOWIWIOD SAeaID 3|(dedldde 8Ly Aq peusenof ae Sspiie O ‘8sN JO SaInJ 10} A%Iq1T8UlJUO AB]1M UO (SUONIPUOD-PUe-SWLBYW00 A8 1M ARe.q Ul [Uo//:Sdny) SUOIIPUOD Pue SwLB | 8L 88S " [7202/20/c0] Uo Ariqiauliuo 8|1 ‘sineq -eiuioyied JO AsAlN AQ 7ESTZ 21Be/Z00T 0T/I0p/W00 A8 1M Alelq Ul |U0'SSesde//:Sdny Wouy pepeojumod ‘0 ‘Sra0serT


https://doi.org/10.1631/jzus.B1200130
https://doi.org/10.1631/jzus.B1200130
https://doi.org/10.1016/j.plaphy.2021.02.034
https://doi.org/10.1016/j.plaphy.2021.02.034
https://doi.org/10.1016/j.biotechadv.2019.107503
https://doi.org/10.1016/j.biotechadv.2019.107503
https://doi.org/10.1016/j.biopen.2016.02.002
https://doi.org/10.1016/j.biopen.2016.02.002
https://doi.org/10.3389/fpls.2019.01429
https://doi.org/10.3389/fpls.2015.00462
https://doi.org/10.3389/fpls.2015.00462
https://doi.org/10.3389/fpls.2016.00044
https://doi.org/10.1007/s11099-018-0830-8
https://doi.org/10.1007/s11099-018-0830-8
https://doi.org/10.3389/fpls.2021.791205
https://doi.org/10.3389/fpls.2021.791205
https://doi.org/10.1016/j.plaphy.2003.09.003
https://doi.org/10.1016/j.plaphy.2003.09.003
https://doi.org/10.1073/pnas.97.6.2940
https://doi.org/10.1073/pnas.97.6.2940
https://doi.org/10.1046/j.1365-313X.2003.01736.x
https://doi.org/10.1046/j.1365-313X.2003.01736.x
https://doi.org/10.1016/j.phytochem.2010.01.005
https://doi.org/10.1007/s00344-009-9121-8
https://doi.org/10.1007/s00344-009-9121-8
https://doi.org/10.1590/1983-21252020v33n217rc
https://doi.org/10.1590/1983-21252020v33n217rc
https://doi.org/10.1016/j.pmpp.2014.09.002
https://doi.org/10.1016/j.heliyon.2019.e01886
https://doi.org/10.1016/S1360-1385(02)02312-9
https://doi.org/10.1016/S1360-1385(02)02312-9
https://doi.org/10.1007/s11738-019-2846-5
https://doi.org/10.1007/s11738-019-2846-5
https://doi.org/10.1093/jexbot/53.372.1237
https://doi.org/10.1093/jexbot/53.372.1237
https://doi.org/10.3390/agronomy10040599
https://doi.org/10.3390/agronomy10040599

JAMSHIDI GOHARRIZI ET AL.

Pandey, M., Paladi, R. K., Srivastava, A. K., & Suprasanna, P. (2021).
Thiourea and hydrogen peroxide priming improved K* retention and
source-sink relationship for mitigating salt stress in rice. Scientific
Reports, 11(1), 3000. https://doi.org/10.1038/s41598-020-80419-6

Panhwar, M., Jatoi, G. H., Jilani, G., Palh, Z. A., Brohi, S., Panhwar, S.,
Meghwar, S., & Lashari, K. H. (2021). Exogenous hydrogen peroxide
(H,0,) eustress to wheat genotypes attenuates their salinity distress.
International Journal on Emerging Technologies, 12, 258-269.

Paulert, R., Ebbinghaus, D., Urlass, C., & Moerschbacher, B. M. (2010).
Priming of the oxidative burst in rice and wheat cell cultures by ulvan,
a polysaccharide from green macroalgae, and enhanced resistance
against powdery mildew in wheat and barley plants. Plant Pathology,
59, 634-642. https://doi.org/10.1111/j.1365-3059.2010.02300.x

Per, T. S., Khan, N. A, Reddy, P. S., Masood, A., Hasanuzzaman, M.,
Khan, M. I. R., & Anjum, N. A. (2017). Approaches in modulating
proline metabolism in plants for salt and drought stress tolerance: Phy-
tohormones, mineral nutrients and transgenics. Plant Physiology and
Biochemistry, 115, 126-140. https://doi.org/10.1016/j.plaphy.2017.
03.018

Qureshi, M. K., Gawronski, P., Munir, S., Jindal, S., & Kerchev, P.
(2022). Hydrogen peroxide-induced stress acclimation in plants. Cel-
lular and Molecular Life Sciences, 79(2), 129. https://doi.org/10.
1007/s00018-022-04156-x

Reddy, I., Kim, B.-K., Yoon, I.-S., Kim, K.-H., & Kwon, T.-R. (2017).
Salt tolerance in rice: Focus on mechanisms and approaches. Rice
Science, 24(3), 123-144. https://doi.org/10.1016/j.rsci.2016.09.004

Rezaei, F., Kartal, M., & Erdem, S. A. (2018). Effect of priming on
thymoquinone content and in vitro plant regeneration with tissue cul-
ture of black cumin (Nigella sativa L.) seeds. Journal of Chemical
Metrology, 12, 98.

Rizhsky, L., Davletova, S., Liang, H., & Mittler, R. (2004). The zinc
finger protein Zat12 is required for cytosolic ascorbate peroxidase 1
expression during oxidative stress in Arabidopsis. The Journal of Bio-
logical Chemistry, 279(12), 11736—11743. https://doi.org/10.1074/
jbc.M313350200

Rossatto, T., Amaral, M. N. D., Benitez, L. C., Vighi, I. L., Braga, E. J.
B., de Magalhaes Junior, A. M., Maia, M. A. C., & da Silva Pinto,
L. (2017). Gene expression and activity of antioxidant enzymes in
rice plants, cv. BRS AG, under saline stress. Physiology and Molec-
ular Biology of Plants: An International Journal of Functional Plant
Biology, 23(4), 865-875. https://doi.org/10.1007/s12298-017-0467-
2

Saha, J., Brauer, E. K., Sengupta, A., Popescu, S. C., Gupta, K., &
Gupta, B. (2015). Polyamines as redox homeostasis regulators dur-
ing salt stress in plants. Frontiers in Environmental Science, 3, 21.
https://doi.org/10.3389/fenvs.2015.00021

Sakamoto, H., Maruyama, K., Sakuma, Y., Meshi, T., Iwabuchi,
M., Shinozaki, K., & Yamaguchi-Shinozaki, K. (2004). Arabidop-
sis Cys2/His2-type zinc-finger proteins function as transcription
repressors under drought, cold, and high-salinity stress conditions.
Plant Physiology, 136(1), 2734-2746. https://doi.org/10.1104/pp.
104.046599

Salesse-Smith, C. E., Sharwood, R. E., Busch, F. A., Kromdijk, J.,
Bardal, V., & Stern, D. B. (2018). Overexpression of Rubisco sub-
units with RAF1 increases Rubisco content in maize. Nature Plants,
4(10), 802-810. https://doi.org/10.1038/s41477-018-0252-4

Sathiyaraj, G., Srinivasan, S., Kim, Y. J., Lee, O. R., Parvin, S,
Balusamy, S. R., Khorolragchaa, A., & Yang, D. C. (2014). Accli-
mation of hydrogen peroxide enhances salt tolerance by activating

Agronomy Journal 17

defense-related proteins in Panax ginseng C.A. Meyer. Molecular
Biology Reports, 41(6), 3761-3771. https://doi.org/10.1007/s11033-
014-3241-3

Saxena, I., Srikanth, S., & Chen, Z. (2016). Cross talk between H,O, and
interacting signal molecules under plant stress response. Frontiers in
Plant Science, 7, 570. https://doi.org/10.3389/fpls.2016.00570

Semida, W. M. (2016). Hydrogen peroxide alleviates salt-stress in two
onion (Allium cepa L.) cultivars. American-Eurasian Journal of
Agricultural & Environmental Sciences, 16,294-301.

Shi, H., Wang, X., Ye, T., Chen, F.,, Deng, J., Yang, P, Zhang,
Y., & Chan, Z. (2014). The cysteine2/histidine2-type transcription
factor ZINC FINGER OF ARABIDOPSIS THALIANA6 Modulates
biotic and abiotic stress responses by activating salicylic acid-related
genes and C-REPEAT-BINDING FACTOR Genes in Arabidopsis.
Plant Physiology, 165(3), 1367-1379. https://doi.org/10.1104/pp.
114.242404

Shively, G., & Galopin, M. (2013). An overview of benefit-cost analy-
sis. https://www2.econ.iastate.edu/classes/crp274/swenson/URP290/
Readings/Purdue_An%200verview %200f%20Benefit.pdf

Silva, H., Netto, A. A., Menezes, R., Silva, P., & Gheyi, H. (2019). Use
of hydrogen peroxide in acclimation of basil (Ocimum basilicum L.)
to salt stress. Turkish Journal of Botany, 43(2), 208-217. https://doi.
org/10.3906/bot-1807-80

Silva, P. C. C., de Azevedo Neto, A. D., Gheyi, H. R., Ribas, R. F., dos
Reis Silva, C. R., & Cova, A. M. W. (2020). Salt-tolerance induced by
leaf spraying with H, O, in sunflower is related to the ion homeostasis
balance and reduction of oxidative damage. Heliyon, 6(9), e05008.
https://doi.org/10.1016/j.heliyon.2020.e05008

Singh, H., Jassal, R. K., Kang, J. S., Sandhu, S. S., Kang, H., & Grewal,
K. (2015). Seed priming techniques in field crops—A review. Agri-
cultural Reviews, 36, 251-264. https://doi.org/10.18805/ag.v36i4.
6662

Tamburino, R., Vitale, M., Ruggiero, A., Sassi, M., Sannino, L., Arena,
S., Costa, A., Batelli, G., Zambrano, N., Scaloni, A., Grillo, S., &
Scotti, N. (2017). Chloroplast proteome response to drought stress and
recovery in tomato (Solanum lycopersicum L.). BMC Plant Biology,
17(1), 40. https://doi.org/10.1186/s12870-017-0971-0

Tania, S. S., Rhaman, M. S., Rauf, F., Rahaman, M. M., Kabir, M. H.,
Hoque, M. D. A., & Murata, Y. (2022). Alleviation of salt-inhibited
germination and seedling growth of kidney bean by seed priming and
exogenous application of salicylic acid (SA) and hydrogen peroxide
(H,0,). Seeds, 1(2), 87-98. https://doi.org/10.3390/seeds1020008

Tanou, G., Job, C., Rajjou, L., Arc, E., Belghazi, M., Diamantidis, G.,
Molassiotis, A., & Job, D. (2009). Proteomics reveals the overlapping
roles of hydrogen peroxide and nitric oxide in the acclimation of citrus
plants to salinity. The Plant Journal, 60(5), 795-804. https://doi.org/
10.1111/5.1365-313X.2009.04000.x

Terzi, R., Kadioglu, A., Kalaycioglu, E., & Saglam, A. (2014). Hydrogen
peroxide pretreatment induces osmotic stress tolerance by influencing
osmolyte and abscisic acid levels in maize leaves. Journal of Plant
Interactions, 9(1), 559-565. https://doi.org/10.1080/17429145.2013.
871077

Tryfona, T., Theys, T. E., Wagner, T., Stott, K., Keegstra, K., &
Dupree, P. (2014). Characterisation of FUT4 and FUT6 a-(1 —
2)-fucosyltransferases reveals that absence of root arabinogalactan
fucosylation increases Arabidopsis root growth salt sensitivity. PLoS
One, 9(3), €93291. https://doi.org/10.1371/journal.pone.0093291

Uchida, A., Jagendorf, A. T., Hibino, T., Takabe, T., & Takabe, T. (2002).
Effects of hydrogen peroxide and nitric oxide on both salt and heat

85UB017 SUOWIWIOD SAeaID 3|(dedldde 8Ly Aq peusenof ae Sspiie O ‘8sN JO SaInJ 10} A%Iq1T8UlJUO AB]1M UO (SUONIPUOD-PUe-SWLBYW00 A8 1M ARe.q Ul [Uo//:Sdny) SUOIIPUOD Pue SwLB | 8L 88S " [7202/20/c0] Uo Ariqiauliuo 8|1 ‘sineq -eiuioyied JO AsAlN AQ 7ESTZ 21Be/Z00T 0T/I0p/W00 A8 1M Alelq Ul |U0'SSesde//:Sdny Wouy pepeojumod ‘0 ‘Sra0serT


https://doi.org/10.1038/s41598-020-80419-6
https://doi.org/10.1111/j.1365-3059.2010.02300.x
https://doi.org/10.1016/j.plaphy.2017.03.018
https://doi.org/10.1016/j.plaphy.2017.03.018
https://doi.org/10.1007/s00018-022-04156-x
https://doi.org/10.1007/s00018-022-04156-x
https://doi.org/10.1016/j.rsci.2016.09.004
https://doi.org/10.1074/jbc.M313350200
https://doi.org/10.1074/jbc.M313350200
https://doi.org/10.1007/s12298-017-0467-2
https://doi.org/10.1007/s12298-017-0467-2
https://doi.org/10.3389/fenvs.2015.00021
https://doi.org/10.1104/pp.104.046599
https://doi.org/10.1104/pp.104.046599
https://doi.org/10.1038/s41477-018-0252-4
https://doi.org/10.1007/s11033-014-3241-3
https://doi.org/10.1007/s11033-014-3241-3
https://doi.org/10.3389/fpls.2016.00570
https://doi.org/10.1104/pp.114.242404
https://doi.org/10.1104/pp.114.242404
https://www2.econ.iastate.edu/classes/crp274/swenson/URP290/Readings/Purdue_An%20Overview%20of%20Benefit.pdf
https://www2.econ.iastate.edu/classes/crp274/swenson/URP290/Readings/Purdue_An%20Overview%20of%20Benefit.pdf
https://doi.org/10.3906/bot-1807-80
https://doi.org/10.3906/bot-1807-80
https://doi.org/10.1016/j.heliyon.2020.e05008
https://doi.org/10.18805/ag.v36i4.6662
https://doi.org/10.18805/ag.v36i4.6662
https://doi.org/10.1186/s12870-017-0971-0
https://doi.org/10.3390/seeds1020008
https://doi.org/10.1111/j.1365-313X.2009.04000.x
https://doi.org/10.1111/j.1365-313X.2009.04000.x
https://doi.org/10.1080/17429145.2013.871077
https://doi.org/10.1080/17429145.2013.871077
https://doi.org/10.1371/journal.pone.0093291

18 Agronomy Journal

JAMSHIDI GOHARRIZI ET AL.

stress tolerance in rice. Plant Science, 163(3), 515-523. https://doi.
org/10.1016/S0168-9452(02)00159-0

Wang, S., Hu, J., Ren, B, Liu, P., Zhao, B., & Zhang, J. (2022). Effects
of hydrogen peroxide priming on yield, photosynthetic capacity
and chlorophyll fluorescence of waterlogged summer maize. Fron-
tiers in Plant Science, 13, 1042920. https://doi.org/10.3389/fpls.2022.
1042920

Wang, W., Zhang, C., Shang, M., Lv, H., Liang, B., Li, J., & Zhou,
W. (2022). Hydrogen peroxide regulates the biosynthesis of pheno-
lic compounds and antioxidant quality enhancement in lettuce under
low nitrogen condition. Food Chemistry: X, 16, 100481.

Wang, X., Hou, C., Liu, J., He, W., Nan, W., Gong, H., & Bi, Y. (2013).
Hydrogen peroxide is involved in the regulation of rice (Oryza sativa
L.) tolerance to salt stress. Acta Physiologiae Plantarum, 35, 891—
900. https://doi.org/10.1007/s11738-012-1132-6

Wang, Y., Li,J., Wang, J., & Li, Z. (2010). Exogenous H, O, improves the
chilling tolerance of manilagrass and mascarenegrass by activating
the antioxidative system. Plant Growth Regulation, 61(2), 195-204.
https://doi.org/10.1007/s10725-010-9470-0

Wiszniewska, A. (2021). Priming strategies for benefiting plant perfor-
mance under toxic trace metal exposure. Plants, 10(4), 623. https://
doi.org/10.3390/plants 10040623

Xing, Y., Jia, W., & Zhang, J. (2008). AtMKK1 mediates ABA-induced
CAT]1 expression and H,0, production via AtMPK6-coupled sig-
naling in Arabidopsis. The Plant Journal: For Cell and Molecular
Biology, 54(3), 440-451. https://doi.org/10.1111/j.1365-313X.2008.
03433.x

Yao, Y., He, R. J., Xie, Q. L., Zhao, X. H., Deng, X. M., He, J. B.,
Song, L., He, J., Marchant, A., Chen, X. Y., & Wu, A. M. (2017).
ETHYLENE RESPONSE FACTOR 74 (ERF74) plays an essential

role in controlling a respiratory burst oxidase homolog D (RbohD)-
dependent mechanism in response to different stresses in Arabidopsis.
The New Phytologist, 213(4), 1667-1681. https://doi.org/10.1111/
nph.14278

Zhang, A., Jiang, M., Zhang, J., Tan, M., & Hu, X. (2006). Mitogen-
activated protein kinase is involved in abscisic acid-induced antiox-
idant defense and acts downstream of reactive oxygen species
production in leaves of maize plants. Plant Physiology, 141(2),
475-487. https://doi.org/10.1104/pp.105.075416

Zhang, Q., Dai, X., Wang, H., Wang, F., Tang, D., Jiang, C., Zhang,
X., Guo, W, Lei, Y., Ma, C., Zhang, H., Li, P, Zhao, Y., & Wang,
Z. (2022). Transcriptomic profiling provides molecular insights into
hydrogen peroxide-enhanced arabidopsis growth and its salt toler-
ance. Frontiers in Plant Science, 13, 866063. https://doi.org/10.3389/
pls.2022.866063

Zhang, X., Lee, M. D., Wilson, C., & McCarron, J. G. (2019). Hydro-
gen peroxide depolarizes mitochondria and inhibits IP(3)-evoked
Ca(2+) release in the endothelium of intact arteries. Cell Calcium,
84, 102108. https://doi.org/10.1016/j.ceca.2019.102108

How to cite this article: Jamshidi Goharrizi, K.,
Karami, S., & Ghanaei, S. (2024). Hydrogen peroxide
priming promotes salinity tolerance in plants—A
comprehensive review. Agronomy Journal, 1-18.
https://doi.org/10.1002/agj2.21534

85UB017 SUOWIWIOD SAeaID 3|(dedldde 8Ly Aq peusenof ae Sspiie O ‘8sN JO SaInJ 10} A%Iq1T8UlJUO AB]1M UO (SUONIPUOD-PUe-SWLBYW00 A8 1M ARe.q Ul [Uo//:Sdny) SUOIIPUOD Pue SwLB | 8L 88S " [7202/20/c0] Uo Ariqiauliuo 8|1 ‘sineq -eiuioyied JO AsAlN AQ 7ESTZ 21Be/Z00T 0T/I0p/W00 A8 1M Alelq Ul |U0'SSesde//:Sdny Wouy pepeojumod ‘0 ‘Sra0serT


https://doi.org/10.1016/S0168-9452(02)00159-0
https://doi.org/10.1016/S0168-9452(02)00159-0
https://doi.org/10.3389/fpls.2022.1042920
https://doi.org/10.3389/fpls.2022.1042920
https://doi.org/10.1007/s11738-012-1132-6
https://doi.org/10.1007/s10725-010-9470-0
https://doi.org/10.3390/plants10040623
https://doi.org/10.3390/plants10040623
https://doi.org/10.1111/j.1365-313X.2008.03433.x
https://doi.org/10.1111/j.1365-313X.2008.03433.x
https://doi.org/10.1111/nph.14278
https://doi.org/10.1111/nph.14278
https://doi.org/10.1104/pp.105.075416
https://doi.org/10.3389/fpls.2022.866063
https://doi.org/10.3389/fpls.2022.866063
https://doi.org/10.1016/j.ceca.2019.102108
https://doi.org/10.1002/agj2.21534

	Hydrogen peroxide priming promotes salinity tolerance in plants-A comprehensive review
	Abstract
	1 | INTRODUCTION
	2 | THE ROLE OF H2O2 IN PLANT STRESS RESPONSES
	3 | PRIMING AS A MECHANISM TO ENHANCE PLANT TOLERANCE TO SALINITY STRESS
	3.1 | H2O2 priming and physiological and biochemical mechanisms under salinity stress
	3.2 | H2O2 priming and molecular mechanisms under salinity stress
	3.3 | Applications of H2O2 priming in conventional agriculture
	3.4 | Applications of H2O2 priming in modern plant science and related technologies

	4 | CHALLENGES AND DISADVANTAGES
	5 | CONCLUDING REMARKS AND FUTURE PERSPECTIVES
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES


