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In the current climate challenging scenario, such as increasing salt and drought stress, the prerequisite to
enhance crop performance has become more crucial. As the growth and development of crops are
adversely affected due to several biotic and abiotic stresses. Seed priming, a time-honoured agricultural
practice, has emerged as a promising tool for enhancing plant stress tolerance. Seed priming represents
an alternative, economical and applicable method that can intensify tolerance to drought stress by
promoting quicker and improved seed germination. Seeds that undergo priming are capable of retaining a
memory of earlier stress exposures, helping them to defend against oxidative damage through the earlier
initiation of cellular defense systems, reduce water uptake time, increased levels of germination-
stimulating compounds and better osmotic balance. However, a deeper understanding into the metabolic
processes occurring during priming is essential to optimize the utilization of this approach. This review
focuses on the morphological, physiological, biochemical, and molecular adaptations induced by seed
priming to strengthen drought resistance in crop species. This review emphasizes the evolving scenario
of seed priming techniques, shedding light on the historical context of this method while delving into
modern, holistic approaches. Furthermore, this review explores the mechanisms by which seed priming
confers salt and drought stress tolerance. Primed seeds exhibit improved water uptake, enhanced
antioxidant activity and the activation of stress-responsive pathways. These mechanisms collectively
contribute to higher germination rates, faster seedling emergence, and increased overall plant vigour
under adverse conditions.
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ABSTRACT

Introduction

The ability to feed an ever-expanding worldwide
population in the aspect of mounting environmental
challenges is one of the most essential issues of our
time. Tropical agricultural centres are particularly
exposed to climate change extremes such as heavy
rainfall, droughts and floods (Sarkar et al, 2020a;
Gonzélez-Orozco et al, 2020). Among these

challenges, salt and drought stress have emerged as
formidable adversaries to crop production, threatening
food security worldwide. As climate change increases,
the frequency and severity of these stressors will
increase, necessitating innovative strategies to bolster
the resilience of agricultural systems. Seed priming, an
age-old agricultural practice rooted in empiricism, has
undergone a remarkable transformation in recent years,
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evolving into a cutting-edge approach that holds great
promise in addressing the complex issue of plant stress
tolerance under adverse conditions (Parera and
Cantliffe, 1994).

Historically, seed priming has been employed by
farmers across diverse cultures for generations. This
ancient technique involves subjecting seeds to
controlled hydration and dehydration processes, often
utilizing water as the primary medium. The
fundamental principle behind seed priming is to initiate
the germination process, without allowing the seeds to
fully sprout, by imbibing them with a specific quantity
of water for a predetermined period. The soaked seeds
are subsequently dried to their initial moisture content,
and the dormant seeds gets primed and show faster
germination, increased vigour, improved crop
performance and enhances yield potential when sown
in the field even under adverse conditions (Marthandan
et al., 2020; Ibrahim, 2016). In recent decades, seed
priming has undergone a profound evolution from a
traditional and empirical practice into a scientifically
refined and technology-driven method. Researchers
have harnessed the power of seed biology, genomics,
and molecular biology to develop comprehensive
approaches that go far beyond simple hydration-
dehydration cycles. These modern seed priming
techniques are designed to address the specific
challenges posed by salt and drought stress, and they
do so with an unprecedented level of precision and
effectiveness. By tailoring the priming process to
induce specific biochemical and genetic responses,
scientists are now able to equip seeds with a
heightened capacity to endure the harsh conditions
associated with salt and drought stress. These advanced
techniques encompass a spectrum of interventions,
including osmo-priming, hormonal priming, and the
incorporation of beneficial microorganisms, all finely
tuned to optimize stress tolerance and crop
performance.

In this exploration of seed priming, we delve into
the historical roots of this practice and trace its
evolution into a vital component of contemporary
agricultural science. We also examine the latest
scientific insights and innovative strategies that
promise to revolutionize our ability to improve the
tolerance of plants to salt and drought. As the global
agricultural community seeks sustainable solutions to
meet the challenges of the 21st century, seed priming
emerges as a beacon of hope, offering a bridge
between ancient wisdom and modern science in the
quest for food security in an increasingly uncertain
world.

Brief History of Priming

Since the early days of agriculture, it has been
clear to humans that many seeds do not easily or
uniformly germinate. Greek farmers recognized this
technique and adopted it for sowing of seed known as
seed priming. Theophrastus (372-287 BC) studied the
seed physiology and proposed that the process of
germination could be temporarily interrupted. He
suggested that soaking of the cucumber seeds in milk
or water before planting could promote earlier and
more vigorous germination. Further research indicated
that Roman farmers also practiced pre-hydration of
legume seeds to enhance germination rates and
synchronization. In 1664, Evelyn noted that the
temperature before sowing can affect subsequent
germination of the seed. In 1779, Ingenhousz has
studied the effects of light on seedling and the
morphological process involved in the germination of
seeds. Then, in 1920, the discovery of the role of plant
hormones in reservoir mobilization, tolerance to seed
drying, cell division, and cell elongation occurred
(Lutts et al., 2016). The term "seed priming" was
coined by Heydecker in 1973. Since then, seed priming
has been effectively applied to improve emergence of
the seed and germination of the seed, particularly under
stressful conditions (Sivasubramaniam et al., 2011).

Soil Salinity and their effect on growth and
development of plants

Salinity poses considerable challenges to global
food production, climate change mitigation, and the
growth of the global population. Mostly in arid and
semi-arid areas, it severely restricts agricultural
sustainability and productivity (Zorb et al., 2019). The
issue of salinity is a worldwide concern, impacting
around 7% land area of the Earth, including 20% of
agricultural lands and 33% of irrigated areas. It is
estimated that this results in a global yield loss of
around 20% (Parihar et al., 2014; Jamil et al., 2011).

Furthermore, the annual loss of agricultural land
due to salinization is estimated to be 10 million
hectares (Pimentel er al, 2004). Climate change,
contaminated artificial irrigation, and poor land
management are some of the factors that are expected
to make this issue worse in the future. By 2050, it is
expected that more than half of the world's arable land
will be covered by salinity-affected areas if effective
and long-lasting control measures are not implemented
(Jamil et al., 2011). Salinity is a significant stressor
that negatively impacts seed germination in crops. It
delays the germination process and lowers germination
rates in addition to inhibiting it. Currently, about 30
crop species account for 90% of human food and
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unfortunately, most of these crops are not salt-tolerant;
they are, in fact, salt-sensitive, known as glycophytes
(Zorb et al, 2019). Moderate salinity conditions,
typically characterized by an electrical conductivity
(EC) of 4-8 dS m™ or approximately 40-80 mM NaCl,
have been associated with considerable losses of yield
in these crops (Koyro et al., 2008).

Drought stress and its impact on agriculture

Drought and extreme temperatures have a
negative consequence on both the development and
quality of plants (Kosar et al., 2020, Raja et al., 2020).
These environmental factors can lead to a sudden
decrease in water availability, resulting in drought
stress, particularly in rain-fed ecosystems, which are
crucial for global agriculture (FAO, 2020). Agriculture
is one sector that is particularly susceptible to water
scarcity. In fact, it has been known to cause significant
decreases in crop productivity, with yield potential
dropping anywhere from 40% to 60%, particularly in
regions that rely heavily on rainfall (FAO, 2020).
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Drought can have a detrimental impact on
different stages of crop development. These phases
consist of maturity, vegetative and reproductive
growth, and seed germination. The degree to which
each stage is impacted depends on the intensity and
length of the drought stress. The germination of seeds
and the successful establishment of seedlings are
particularly crucial for crop production and yield
(Anjum et al., 2017). This is especially true when
faced with salinity stress. One method that has shown
assure in the field of modern-day crop management is
seed priming. It offers a way to effectively manage
both biotic and abiotic stressors, promoting
environmentally friendly and sustainable agricultural
practices (Fig. 1). This well-established method,
known for its ability to enhance germination of the
seed and stress responses (Lal er al., 2018), offers a
direct and non-intensive approach that has
demonstrated significant improvements in plant
establishment and growth, particularly in challenging
environmental conditions on farmer’s fields.

fr Hydropriming, biopriming,
osmopriming, solid matrix priming,
| nutripriming, and hormonal priming

Higher amount of iron uptake
Improved germination index
Higher seedling vigour index, etc.

Variations of phytohormone contents, etc.

Improved stress tolerance

Fig. 1 : An overview of how plants respond to drought stress and how seed priming affects drought tolerance.

Seed Priming

In agriculture, farmers often face challenges
related to poor seedling emergence and weak seedling
vigour, which significantly influence the final crop

yield. To improve production potential in adverse
environmental conditions viz., soil salinity and drought
stress, various seed technologies have been
recommended. These methods include seed priming,
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seed coating, humidification, and wetting of seeds, all
of which are effective techniques aimed at enhancing
the development and performance of seedlings in the
field, particularly how they respond to environmental
stressors (Farooq et al., 2019). One such precise
technology frequently active in numerous Asian
countries is seed priming. This technique ensures
synchronized seed growth even under adverse
conditions of the soil and water (Kumar et al., 2018;
Singhal et al., 2019; Kumar et al, 2020). It is
considered a practical and farmer-friendly approach
that promotes uniform seed emergence and robust
seedling vigour, ultimately resulting in higher yields
for various agricultural crops, especially in challenging
conditions of the environment (Jisha et al, 2013;
Paparella et al., 2015).

Water

content Reversible

Changes Occur While Priming

Seeds are hydrated for a specific duration during
the priming process without radicle protrusion (phase
I) (Chen & Arora, 2011) initiating the necessary
metabolic events for early germination to activate the
pre-germinative phase II (metabolic activation) in
which different biochemical processes are triggered
(Zhang et al, 2015) and subsequently, they are
dehydrated to regain their primary dry weight (Bose et
al., 2018) and in phase three, it will ultimately begin
the germination process in the phase three
(germination) during which the radicle protrudes from
the seeds (Fig. 2) (Rouhi et al., 2011, Paparella et al.,
2015). The priming of seeds proved to be useful in
achieving uniformity in germination, activating various
biochemical processes like enzyme activation,
repairing cells, protein synthesis, and augmenting
antioxidant defense mechanisms when compared to
seeds that were not primed (Jafar et al., 2012).
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Fig. 2 : Phases of germination and seed hydration curves for primed and unprimed seeds (Jafar et al., 2012).

"Various organic and inorganic chemicals have
been used to enhance crop growth by seed priming.
Based on the specific chemicals used, their
characteristics, and their effects, seed priming
technique is classified into an array of methods
including hydro-priming, osmo-priming, chemical
priming, biopriming, hormonal priming, solid-matrix
priming, nutri-priming or even nano-priming (Jisha et
al., 2013; Bose et al., 2018).

The various seed priming techniques listed below,
along with the mechanisms that improve crop
plants capacity for tolerance
Hydropriming

Hydropriming is an environmental friendly and
cost-efficient method of enriching seeds by soaking
them in plain water and then drying them to their

primary moisture content before planting (Singh et al.,
2015). It assists in the seed hydration, but also turns



Rahul Kumar et al.

out to be better since there is a constant flow of
oxygen. It also promotes the action of hydrolytic
enzymes such as xylase, cellulase and amylase, which
in turn catalyze stored food reserves such as
carbohydrates, proteins, and lipids to simpler
compounds like adenosine triphosphate (ATP) for the
early metabolic activities (Zulueta-Rodriguez et al.,
2015). There have been certain studies that have shown
the hydric branding as leading to a betteraged seed
vigour such as uniformity in germination, earlier
emergence of seedlings and better growth and
development of crops such as rice, chickpea (Kaur et
al., 2002) and faba bean (Damalas et al., 2019) in
drought stress conditions when compared with seeds
that have not been treated using hydropriming (Singh
et al., 2015). Moreover, hydropriming has been shown
to significantly improves germination rate for plants
under sub-optimal conditions of temperature and
drought stress (Cheng et al., 2017).

Osmopriming

Osmopriming is a common way to get seeds
ready. It soaks seeds in a solution with low osmotic
pressure and air for different lengths of time changing
how much water they can take in (Lutts et al., 2016).
These solutions let water enter the seeds, which starts
the processes before sprouting without making the root
come out. People often use PEG (polyethylene glycol),
KCl, CaCl,, MgSO,, NaCl, mannitol, KH,PO,, and
KNO; for osmopriming, with PEG being the top pick
(Singh et al., 2014). Polyethylene glycol’s are a large
molecule that doesn't get into the seeds much, which
prevents it from damaging the cells and reduces the
amount of water that the solution draws. When seeds
soak up water in a controlled way during osmopriming,
it cuts down on harmful oxygen molecules (ROS)
(Katarzyna et al., 2019). Not having enough water
causes stress, but less stress means fewer ROS. Using
PEG to prime seeds has shown to make caraway seeds
sprout better and grow heavier shoots, both when fresh
and dry (Mirmazloum et al., 2020).

Chemical Priming

Various chemical agents like chitosan, chollne,
putrescine, selenium, KH,PO,, CuSO4, ZnSO, and
Paclobutrazol play a role in the use of chemo-priming
techniques which help increase the yield and stress
handling capabilities of plants (Jisha et al., 2013).
These chemicals are key to making plants tougher
against drought. They do this by protecting cells,
getting rid of toxins, and keeping proteins and ions
balanced. These agents are good at getting through
seed coats, which helps plants take in nutrients and use
water more. Take butenolide, for instance. Demir et al.
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(2012) explored that treating seeds with it before
planting makes seedlings stronger and helps them
sprout better in pepper and salvia plants. Hameed and
Igbal, (2014) found that priming seeds with mannose
helps plants deal with drought better. It does this by
increasing antioxidants cutting down on damage from
oxidation, and building up more reducing sugars to
control water balance in cells.

Upadhyaya et al. (2017) have used SiO,, Ag, and
Zn0O as nanoparticles to prime seeds. This method
helps seeds sprout better and grow stronger. Hussain et
al. (2016) showed that priming with CaCl, helps
seedlings growth, increases the number of shoots,
makes plants taller, and leads to heavier and more
numerous grains, when wheat faces drought. Singh et
al. (2023) studied that the application of GA;
significantly enhanced the germination and seedling
development of Tulsi seeds when exposed to specific
temperature conditions. Kaya et al. (2020) studied how
priming maize hybrid seeds with KNO; and urea helps
them deal with drought and salt stress. He also
observed that this method makes roots longer,
produces more proline, improves germination, boosts
seedling growth, and increases protein content.

Biological Priming

In biopriming, bacterial inoculants with biological
activity are incorporated into the priming solution for
seed imbibition (Mahmood et al, 2016). Fungicides,
biocontrol agents, and Plant Growth Promoting
Rhizobacteria (PGPRs) are added to the priming
solution and all are aimed at improving germination
and seedling vigour. This method helps align crop
performance parameters, such as growth, yield and
crop stand with their capacity to endure biotic and
abiotic stress factors, as studied by Rakshit et al., 2015.
Among the well-known PGPRs used to enhance
drought tolerance are Trichoderma, Pseudomonas,
Azotobacter, Azospirillum, and Agrobacterium (Reddy,
2013). When Trichoderma is used in biopriming, it
promotes the synthesis of growth hormones in plants,
leading to improved drought tolerance (Harman, 2006).
In addition, the application of Trichoderma in
biopriming positively increases the activity of L-
phenylalanine ammonia-lyase, which affects the redox
state of plants and fostering greater root vigour under
drought conditions. This not only contributes to
improved drought tolerance but also fortifies the plants
through physiological defense mechanisms against
oxidative damage. Moreover, it enhances resistance to
diseases by creating a protective coat on the seeds
(Shukla et al., 2014).
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Hormonal Priming

Soaking seeds in a solution containing several
hormones that promote plant growth, including
ascorbate, kinetin, salicylic acid (SA), abscisic acid,
and GA;, is known as hormonal priming. This method
has been shown to enhance crop resistance to drought
and rising temperatures (Wei et al., 2017; Bakhtavar et
al., 2015). Furthermore, rice seeds that are primed with
spermidine and polyamines show enhanced drought
tolerance (Zheng et al, 2016). A similar growth-
regulating effect is observed when seeds are primed
with abscisic acid (ABA) under conditions of restricted
soil moisture. This is achieved through the aggregation
of osmoprotectants in the system of plants (Umezawa
et al., 2010). When the gibberellic acid applied during
priming of the seeds it enhances the germination of rye
seeds and increases the synthesis of antioxidants,
particularly during stress conditions (Ansari et al.,
2013). Priming with benzyladenine (BA) before
planting significantly increases root biomass, enhances
soybean growth, and conversion efficiency, indicating
its function in fostering drought tolerance in soybeans.

Enhancing germination and reducing the
germination time can be achieved by optimizing the
concentrations of priming reagents such as sodium
chloride (NaCl), thiourea, ascorbic acid, salicylic acid,
hydrogen peroxide (H,O,), gibberellic acid, and
ascorbic acid. Sunflower seedling growth is as well
influenced by these changes (Kohli et al., 2018). In the
case of cotton and rapeseed cultivation numerous
priming agents, including jasmonic acid (JA), SA,
ABA, GA, ethylene, potassium nitrate (KNOj),
monopotassium phosphate (KH,PO,), polyethylene
glycol (PEG-6000), mannitol, and NaCl, have been
found to enhance resistance to abiotic stresses such as
lead (Pb), drought, and temperature changes (Kohli et
al., 2019).

Solid Matrix Priming

The priming solution's matrix potential is changed
during solid matrix priming (SMP) to influence how
seeds absorb water by using solid matrix materials that
produce matrix forces. These forces help hold water
and slow down the uptake of solutes by seeds
(Damalas et al., 2019). This gradual solute absorption
keeps seeds sufficiently moist for longer periods,
improving their resilience to drought conditions. It's
important to mention that materials with solid matrix
generally have a lower bulk density and osmotic
potential but can hold a significant amount of water.
Matrix priming offers the benefit of providing a
substantial amount of oxygen to seeds during the
priming phase. It has been shown that SMP (solid

matrix priming) enhanced the carrot emergence and
establishment (Lutts et al., 2016) and also enhanced
the germination and vigour of soybeans. There was
also a significant increase in drought tolerance in peas
when primed with chitosan at 5% moisture in the soil
(Guan et al, in 2009). Solid matrix conditioning
appears to be a promising method for improving seed
germination across several crop species, especially in
horticultural crops. Although this technique has
produced significant outcomes for number of crops,
more extensive research and exploration are necessary
to fully unlock its potential.

Nutripriming

Under osmotic stress conditions, for germination
and growth, the plants require more water and
nutrients. Nutripriming is a new technique to improve
the amount of water available and essential nutrients
during seed germination by adding magnesium, zinc,
and boron. Magnesium activates metabolic enzymatic
reactions whereas boron takes part in sugar
transportation in leaves (Ullah et al., 2019; Igbal et al.,
2016). Therefore, their application at priming increases
overall physiological activities of crops (invasive-
tolerant) under water-stressed environments (Alam et
al., 2015¢). Zinc remarkably improves the grain
development activity at early phases of seeds/plants.
Rehman et al. (2013) revealed significant enhancement
in the productivity as a result of priming chickpea
seeds with boron which might have enhanced effective
fertilization and seed set (Shivay et al, 2014).
Similarly, zinc primed chickpea enhance canopy
during crop growth period, increased drought tolerance
through accumulating proline contents into plant cells,
improved yield attributes.

Including calcium acts as a secondary messenger
that causes an increase in the accumulation of
osmolytes and antioxidants under stress, adding it to
seeds during priming has become a successful and
practical way to increase stress tolerance in a variety of
crops (Tabassum et al, 2018; Jafar et al, 2012).
Moreover, nutripriming helps the crop plant produce
antioxidants and develop tolerance against the
environmental stress (Farooq et al., 2017).

Nano Priming

Nanotechnology, a rapidly expanding field, offers
numerous industrial applications across diverse sectors,
including electronics, textiles, pharmaceuticals, energy,
food, cosmetics, and environmental bio-remediation
(Moll et al, 2016). Recently, nanotechnology has
piqued the interest of the agriculture sector, with
remarkable advancements in seed biology applications
(Banik & Pérez-de-Luque, 2017). Extensive research
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has been conducted by various scientists to explore the
use of nanoparticles (NPs) to protect crops from biotic
and abiotic stresses, while also enhancing crop yields
(Li et al, 2016). Numerous studies about the
interaction between nanoparticles and plants have been
published, and a wealth of useful data has been
gathered on a variety of research platforms and also
accumulated a lot of valuable data on various research
platforms. But, it is essential to note that NP impacts
for different plant species was varied significantly with
several physiological and molecular traits. Moreover,
the reaction of NPs was changed by its characteristic
properties including size, shape, synthesis action, and
chemical composition (Rastogi et al., 2017). Singh et
al. (2024) reported that the nanoscale size of coatings
contribute to healthier adhesion, regulated release and
stronger interactions with the seed surface, which
support normal germination and healthy seedling
growth. Furthermore, these nano-coatings enhance
seed physiological quality and encourage endurance
against abiotic stresses like high salinity, drought and
high temperatures. Nanoparticles influence the
development of plants for entering the cell wall
resulting in the alteration of some morphologic and
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physiologic aspects as shown in Fig. 3 (Guan et al.,
2009). For example, Si NPs have been shown to
ameliorate drought induced growth repression and
improve barley plant recovery from drought by altering
morphophysiological characteristics (Ghorbanpour et
al., 2020). It had been shown that the applying of Si
NPs enhanced cucumber yield and growth in both
saline and water-stressed environments (Alsaeedi et
al., 2019). Seed germination has been another
perspective for studying impacts of nano-priming using
various NPs including zinc oxide, iron, silver NPs and
titanium oxide (Panyuta et al., 2016). Nano-priming
has improved photosynthetic attributes, maintained
biochemical equilibrium and augmented biomass in
wheat seedlings. For instance, shoot length and root-
shoot white desert biomass increased due to ZnONPs
under salt stress exposed seedlings (El-Badri et al.,
2021). With these discussions it is coherently
established that nano-seed priming entirely regulates
ionic homeostasis, secondary metabolites, antioxidant
enzyme contents, along with photosynthetic attributes
and minimizes oxidative stress for the amelioration of
salinity as well as drought impacts on plants (Fig. 4).
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Table 1 : Effects of Nano-priming agents on crops yield

Sr. NPs agents used in studies Effects on different crops References
No.
1. | Iron-oxide nanoparticles Nano-priming led to improvements in sorghum | Maswada et al., 2018
seedling strength, metabolic activity, plant biomass,
and moisture content in foliage
2. | Manganese 11D oxide | Boosted antioxidant enzyme levels and better Ye et al., 2020
nanoparticles adaptation to salinity stress in chilli plants (Capsicum
annuum L.)
3. | Copper and Iron nano | Enhanced enzyme functions, improved biochemical Yasmeen et al., 2017
particles and antioxidant responses, greater tolerance to abiotic
stress, and increased yield in wheat (Triticum aestivum
L.)
4. | Nanoparticles of cobalt and | Enhancement of seed and seedling vigour, Chau et al., 2019
molybdenum oxides morphological traits, biomass production, and
enzymatic activity in soybean (Glycine max L.) through
nano-priming
5. | Molybdenum nanoparticles in | Improvement in early seedling traits, plant structural Shcherbakova et al.,
combination with | development, antioxidant mechanisms, and final 2017
Mesorhizobium ciceri strain | harvest output in chickpea (Cicer arietinum L.)
ST-282 and Bacillus subtilis
strain Ch13
6. Zinc, titanium, and silver- | Improved seed and seedling vigour, enhanced plant Kumar et al., 2020
based nanoparticles morphological traits, and elevated antimicrobial
properties in chilli (Capsicum annuum L.)
7. | Copper nanoparticles Enhancement of seedling vigour and biomass in Duran et al., 2017
Common bean (Phaseolus vulgaris L.)
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Magneto-priming

In 1960, Krylov and Tarakanova reported on the
impact of magnetic fields on plants. As compared to
our unprimed seeds, magneto-primed seeds exhibit
greater germination, root, vigour, and seedling biomass
(Aragjo et al., 2016). Due to increase a-amylase and
protease activity, plants originating from magneto-

primed seeds, including maize and soybean Glycine
max L., are also better able to withstand biotic (De
Souza et al., 2006) and abiotic stress (Anand et al,
2012), less superoxide radicals are produced by
soybean magneto-primed seeds (Baby et al, 2011).
According to de Faria ef al. (2024), magneto-priming
treatment encourages to the gradual increment in
germination percentage, seedling length, water uptake,
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fresh and dry biomass, along with the longevity of the
seed. In addition, genes related to germination and
longevity such as EXP, HSP21, ABI3, HSFA3 and
HSP17.6b exhibited superior expression levels
response to the magneto-priming treatment. This study
support to the magneto-priming as an effective method
for pre-treatment to the soybean seed for enhancing the
high quality of it. Further implications relate the
potential of magneto-primed seeds for reducing
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drought stress and disease on crop productivity. The
tips, adjacent to magnetic particles under the influence
of a low-frequency AC magnetic field, alter structure
radiation forming electrons radiate into space from an
antenna to recombine with space electrons polarise
molecular radiation, facilitating ion flows polarisation
induction loop current ion path (Khizenkov et al.,
2001).
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Fig. 5 (A) Process of magnetopriming begins at the seed stage and extends through to plant maturity. (B) This
technique positively influences various stages of plant development, from germination of seed to the maximum
maturity, ultimately improving photosynthetic efficiency during both normal and stress conditions.

Priming with gamma radiation

One form of ionizing radiation that is highly
energetic is gamma radiation, which involves the
ability to penetrate living tissues with a great degree of
radiation exposure. With respect to intracellular level,
gamma rays act directly on various organelles and have
a direct impact particularly on nucleic acids, proteins
and membranes. However, the indirect process of
radiolysis of water produces reactive oxygen species
(ROS). ROS generated through radiolysis within
different cellular organelles and macromolecules, can
cause interruption to the normal cellular functions. At
lower doses, gamma rays act as a 'starting agent' by
enhancing seed germination and promoting better
seedling establishment under both optimal and adverse
environmental conditions.

Plant growth by ionizing radiation activity of
gamma rays is due to cell and tissue level effects which

results in free radicals’ production in the cells (Wi et
al., 2005). Various studies have shown that exposing
seeds to low-level doses of gamma radiation can
improve cell division, better germination and growth,
boost enzyme activity, strengthen stress tolerance, and
ultimately enhance crop productivity (Calabrese and
Blain 2009; Jan et al., 2012). In addition to the seeds,
maize hybrid seedlings also showed the effect of
gamma radiation application whereby enhancement
due to the low doses (Marcu et al.,, 2013). However,
concentrations of 70 Gy caused decline in the crop
performance. Alternatively, treatment of chickpea
seeds with low-level doses of gamma radiation led to
significantly longer root systems (Melki and Sallami,
2008). Higher gamma radiation doses inhibit the
germination of seeds and plant growth whereas lower
doses can be used as stimulants. Geras’kin et al. (2017)
applied gamma radiation to the barley seeds ranging
from 2 to 50 Gy and found that the greatest growth
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stimulation was to the seeds at 2 to 16 Gy level due to
the increased activation of the enzyme.

UV irradiation priming

The magnitude of solar ultraviolet rays (UV)
radiation reaching the earth's surface is rising as a
result of ozone depletion in the stratosphere. Based on
their wavelengths, UV radiation are categorized into
three types: UVA (320-400 nm), UVB (280-320 nm),
and UVC (200-280 nm). Various researchers have
investigated the global effects of UV radiation on plant
species at different organizational levels, ranging from
individual plants to entire ecosystems. However, few
studies focusing on the influence of UV exposure on
seed biology remain quite controlled (Kovics and
Keresztes, 2002). UVC radiation is a type of non-
ionizing radiation that superficially penetrates plant
tissues and potentially occurs as a disinfectant,
although it is extremely harmful to the living cells.
Exposure of UVC at low levels (3.6 kJ m™) triggered
various structural and physiological changes in wheat,
rice, maize, and cowpea (Vigna unguiculata L. Walp),
such as enhanced germination, inflated biomass, and
higher photosynthesis. UVB radiation pre-treatment (6
kJ m™) increased the activity of photosystem I and II,
chlorophyll-a fluorescence, and the accumulation of
the metabolites (proline, total sugars), along with both
enzymes and non-enzymes antioxidants content in rice
seedlings as compared to the seeds that were not
primed (Thomas and Puthur, 2017). UVA radiation,
the least harmful form of UV radiation, occurs about
6.3% of the incoming solar radiation (Holldsy, 2002).

There is a shortage of works which use UVA
radiation as a seed invigouration technique. Radiation
of UVC on wheat seeds would help return germination
(Rupiasih and Vidyasagar 2016). There have been
claims that the use of UV light would induce quicker
seed germination and a improved germination
percentage in various wheat cultivars (Sakha-94,

Gemmiza9, Giza-168) attributed to an increase in seed
germination percentage and germination rate (Abu-
Elsaoud and Hassan, 2016).

Alleviation salinity stress on germination by seed
priming

The majority of crops are much affected by the
existence of saline soil, and so even with low electrical
conductivity (ECe) of just 3 dS m’, the soil poses a
real problem. As a result, salinity stress is a very
pressing factor when it comes to crop productivity.
Throughout the different stages of plant growth,
germination of seed, early growth phase and seedling
establishment  are  particularly  sensitive  to
environmental conditions, including high salinity
conditions (Ali et al., 2018). Normally, seeds are sown
in the top layer of soil which is more porous and thus
has higher salt content while the deeper levels are
retain more moisture (Esechie et al, 2002). Salinity
stress sometimes has the power to delay or even stop
the germination of high-quality seeds, which in turn
makes a crop go to waste. To realize this, the quick
germs of the seeds and later sustainable young crop,
are two big requires under salinity situation. So,
knowledge of the scope of such water uptake genetic
variation vis-a-vis salt tolerance level during the
germination phase must be the prime task.

One of the most effective strategy of plant
adaptation to salinity is recorded in glycophytes during
the germination, and the late seedling phase is the seed
priming approach. The practical and straightforward
seed priming technology is a biostimulatory technique
that allows the improvement of germination and the
supports best seedlings development on the in the
agricultural fields (Maiti and Pramanik, 2013).
Recently, several research has been able to show the
beneficial influence of seed priming on the germination
of different crops under the saline conditions (Table 2).

Table 2 : Various types of seed priming techniques and their effects on germination under saline conditions

Crop Treatment Alleviating effect Reference
Wheat Seeds primed with 50 mg/L | Treatments leads  towards significant | Mahboob and
(Triticum ascorbate, 50 mM proline, 25 | improvements in germination index and final | Khan, 2019
aestivum  cv. | pM triacontanol, or 100 pM | germination rate, whereas decreasing the mean
Khirman) indole acetic acid for 12 hours germination time under 12 dS m ! salinity
Zea mays, | Seeds primed with 0.2 g/L | GA; priming enhanced germination from 16.67% | Tsegay and
Pisum sativum, | gibberellic acid (GAj;) solution | to 26.67% in maize, from 50% to 60% in pea, and | Andargie,
Lathyrus for 12  hours at room | from 73.3% to 86.67% in L. sativus. Mean | 2018
sativus temperature in the dark germination time reduced by 20% under 12 dS m

salinity.
Wheat Priming of seeds with 0.5 mM | Germination rates increased by by 32, 18, and 17% | Feghhenabi et
(Triticum spermidine for 24 h, 25 mM | in Spermidine, proline and K,SiO; respectively | al., 2020
aestivum) proline for 48 hours, or 1.5 mM | enhanced the germination rate respectively under
silicon (K,Si03) for 6 hours salinity stress (20 dS m™)
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Melon Seeds primed with 10-50 pM | Germination percentage enhanced from 50% to | Castafiares and

(Cucumis melatonin for 6 hours 80% under 14 dS m ! salinity due to the treatment | Bouzo, 2019

melo) of melatonin

Cucumber Seeds soaked in 0.3 mM sodium | Sodium silicon priming increased rate of | Gou et al.,

(Cucumis silicate (NaSi) for 36 hours germination, index, and seedling vigour at 200 mM | 2020

sativus cv. NaCl

Jinyou 1)

Limonium Seeds priming with 80 uM | SA application led to significant improvements in | Liu et al,

bicolor salicylic acid (SA) germination rate, potential of the germination, and | 2019
germination index at 200 mM NaCl

Grain sorghum | Seeds treated with 100-500 | Seed treatment or priming enhanced both | Maswada et

(Sorghum mg/L nano iron oxide (n-Fe, O3) | germination speed and percentage with the 150 | al., 2018

bicolor for 10 hours or wet in 10 mg/L | mM NaCl treatment

Moench n-Fe, O; for the 72 hours

Conclusion

Enhanced tolerance to stress can be attained
through seed priming methods, an effective approach
to reduce the harmful effects of salinity and drought on
plant growth and development, ultimately improving
overall yield. Seed priming, which is an old-time
traditional way used by western people for replenishing
seeds, and treating drowned seeds were used by
farmers in the olden days to achieve enhanced
germination. Seed priming techniques promise a new
approach to the removal of the detrimental impact of
salinity and drought stress on plant growth and the
overall productivity. A comprehensive awareness of
the different metabolic activities that occur all over the
priming intervention, as well as through germination,
and the consequent related utilization of this efficient
and economy technology for the maximum
performance of seeds in a more resourceful way under
different stress conditions. Seed priming puts cells into
a preparation state in which plants adapt their cellular
system to tackle the detrimental effects of the abiotic
stressors, such as enduring droughts and critical
temperatures. It has long been recognized that
numerous seed priming methods significantly improve
the crops resilience to negative environmental
conditions, and that includes drought, cold, and soil
salinity resistant. Also, the environmental benefits and
ethical issues raised by seed priming techniques should
not be overlooked as they are a sustainable and
responsible strategy for global food security.

References

Abu-Elsaoud, A.M. and Hassan H.M. (2016). Effect of UVA+B
on germination consequences, oxidative stress and
antioxidant defence mechanisms of wheat (Triticum
aestivum L.). Journal of Ecology of Health and
Environment, 4, 75-86.

Ali, E., Hussain, N., Shamsi, [.H., Jabeen, Z., Siddiqui M.H.
and Jiang L. (2018). Role of jasmonic acid in improving
tolerance of rapeseed (Brassica napus L.) to Cd toxicity.

Journal of Zhejiang University: Science B, 19(2), 130-
146.

Alsaeedi, A., El-Ramady, H., Alshaal, T., El-Garawany, M.,
Elhawat N. and Al-Otaibi A. (2019). Silica nanoparticles
boost growth and productivity of cucumber under water
deficit and salinity stresses by balancing nutrients uptake.
Plant Physiology and Biochemistry, 139, 1-10.

Anand, A., Nagarajan, S., Verma, A.P.S., Joshi, D.K., Pathak
P.C. and Bhardwaj J. (2012). Pre-treatment of seeds with
static magnetic field ameliorates soil water stress in
seedlings of maize (Zea mays L.). Indian Journal of
Biochemistry & Biophysics, 49, 63-70.

Anjum, S.A., Ashraf, U., Zohaib, A., Tanveer, M., Naecem, M.,
Ali, 1., Tabassum T. and Nazir, U. (2017). Growth and
development responses of crop plants under drought
stress: a review. Zemdirbyste, 104, 267-276.

Ansari, O., Azadi, M.S., Sharif Z.F. and Younesi E. (2013).
Effect of hormone priming on germination characteristics
and enzyme activity of mountain rye (Secale montanum)
seeds under drought stress conditions. Journal of Stress
Physiology and Biochemistry, 9, 61-71.

Aratjo, S.S., Paparella, S., Dondi, D., Bentivoglio, A.,
Carbonera D. and Balestrazzi A. (2016). Physical methods
for seed invigouration: advantages and challenges in seed
technology. Frontiers in Plant Science, 7, 646.

Baby, S.M., Narayanaswamy G.K. and Anand A. (2011).
Superoxide radical production and performance index of
Photosystem II in leaves from magnetoprimed soybean
seeds. Plant Signaling & Behavior, 6, 1635-1637.

Bakhtavar, M.A., Afzal, 1., Basra, S.M.A., Ahmad A.U.H. and
Noor M.A. (2015). Physiological strategies to improve the
performance of spring maize (Zea mays L.) planted under
early and optimum sowing conditions. PloS one, 10(4),
e0124441.

Banik, S. and Pérez-de-Luque A. (2017). In vitro effects of
copper nanoparticles on plant pathogens, beneficial
microbes and crop plants. Spanish Journal of Agricultural
Research, 15(2), e1005- e1005.

Bose, B., Kumar, M., Singhal R.K. and Mondal S. (2018).
Impact of seed priming on the modulation of physico-
chemical and molecular processes during germination,
growth, and development of crops. Advances in Seed
Priming, 23-40.

Calabrese, E. and Blain R. (2009). Hormesis and plant biology.
Environmental Pollution, 157, 42-48.



357

Seed priming : an old empirical technique with new holistic approaches to increase the tolerance

of plants to salt and drought stress

Castafiares, J.L. and Bouzo C.A. (2019). Effect of exogenous
melatonin on seed germination and seedling growth in
melon (Cucumis melo L.) under salt stress. Horticultural
Plant Journal, 5(2), 79-87.

Chau, N.H., Doan, Q.H., Chu, T.H., Nguyen, T.T., Dao Trong
H. and Ngo Q.B. (2019). Effects of Different Nanoscale
Microelement-Containing Formulations for Presowing
Seed Treatment on Growth of Soybean Seedlings. Journal
of Chemistry, 2019(1), 8060316.

Chen, K. and Arora R. (2011). Dynamics of the antioxidant
system  during seed osmopriming, postpriming
germination, and seedling establishment in spinach
(Spinacia oleracea). Plant Science, 180, 212-220.

Cheng, J., Wang, L., Zeng, P., He, Y., Zhou, R., Zhang H. and
Wang Z. (2017). Identification of genes involved in rice
seed priming in the early imbibition stage. Plant Biology,
19(1), 61-69.

Damalas, C.A., Koutroubas S.D. and Fotiadis S. (2019). Hydro-
priming effects on seed germination and field
performance of faba bean in spring sowing. Agriculture,
9, 201.

Demir, 1., Ozuaydin, L., Yasar F. and Van S.J. (2012). Effect of
smoke-derived butenolide priming treatment on pepper
and salvia seeds in relation to transplant quality and
catalase activity. S. African Journal of Botany, 78, 83-87.

de Faria, R.Q., Dos Santos, A.R., Batista, T.B., Gariepy, Y., da
Silva, E.A., Sartori M.M. and Raghavan V. (2023). The
effect of magneto-priming on the physiological quality of
soybean seeds. Plants, 12(7), 1477.

Duran, N.M., Savassa, SM., Lima, R.G., de Almeida, E.,
Linhares, F.S., van Gestel C.A. and Pereira de Carvalho
H.W. (2017). X-ray spectroscopy uncovering the effects
of Cu based nanoparticle concentration and structure on
Phaseolus ~ vulgaris ~ germination and  seedling
development. Journal of Agricultural and Food
Chemistry, 65(36), 7874-7884.

El-Badri, A.M., Batool, M., Mohamed, I.A., Khatab, A., Sherif,
A., Wang, Z., Salah, A., Nishawy, E., Ayaad, M., Kuai J.
and Wang B. (2021). Modulation of salinity impact on
early seedling stage via nano-priming application of zinc
oxide on rapeseed (Brassica napus L.). Plant Physiology
and Biochemistry, 166, 376-92.

Esechie, H.A., Al-Saidi A. and Al-Khanjari S. (2002). Effect of
sodium chloride salinity on seedling emergence in
chickpea. Journal of Agronomy and Crop Science, 188,
155-160.

FAO, (2020). The State of Food and Agriculture 2020:
Overcoming water challenges in agriculture. Roma.

Farooq, M.A., Gogoi, N., Barthakur, S., Baroowa, B.,
Bharadwaj, N., Alghamdi S.S. and Siddique K.H.M.
(2017). Drought stress in grain legumes during
reproduction and grain filling. Journal of Agronomy Crop
Science, 203, 81-102.

Farooq, M., Usman, M., Nadeem, F., urRehman, H., Wahid, A.,
Basra S.M. and Siddique K.H. (2019). Seed priming in
field crops: potential benefits, adoption and challenges.
Crop Pasture Science, 70, 731-771.

Feghhenabi, F., Hadi, H., Khodaverdiloo H. and van Genuchten
M.T. (2020). Seed priming alleviated salinity stress during
germination and emergence of wheat (Triticum aestivum
L.). Agricultural Water Management, 231, 106022.

Geras’kin, S., Churyukin R. and Volkova P. (2017). Radiation
exposure of barley seeds can modify the early stages of

plants’  development. Journal of Environmental
Radioactivity, 177, 71-83.

Ghorbanpour, M., Mohammadi H. and Kariman K. (2020).
Nanosilicon-based recovery of barley (Hordeum vulgare)
plants subjected to drought stress. Environmental Science:
Nano, 1(2), 443-461.

Gonzalez-Orozco, C.E., Porcel, M., Velasquez D.F.A. and
Orduz-Rodriguez J.O. (2020). Extreme climate variability
weakens a major tropical agricultural hub. Ecol. Indic.,
111, 106015.

Gou, T., Chen, X., Han, R., Liu, J., Zhu Y. and Gong H. (2020).
Silicon can improve seed germination and ameliorate
oxidative damage of bud seedlings in cucumber under salt
stress. Acta Physiologiae Plantarum, 42(1), 1-11

Guan, YJ., Hu, J.,, Wang X.J. and Shao C.X. (2009). Seed
priming with chitosan improves maize germination and
seedling growth in relation to physiological changes under
low temperature stress. Journal of Zhejiang University
Science B, 10(6), 427-433.

Hameed, A. and Igbal N. (2014). Chemo-priming with
Mannose, Mannitol and H,0, Mitigate Drought Stress in
Wheat, Cereal Research Communications. Cereal
Research Communication, 42, 450-462.

Harman, G.E. (2006). Overview of mechanism and uses of
Trichoderma spp. Phytopathology, 96, 190-194.

Hollésy, F. (2002). Effects of ultraviolet radiation on plant
cells. Micron, 33, 179-197.

Hussain, S., Khan, F., Cao, W., Wu L. and Geng M. (2016).
Seed priming alters the production and detoxification of
reactive oxygen intermediates in rice seedlings grown
under sub-optimal temperature and nutrient supply.
Frontiers in plant science, 7, 439.

Ibrahim, E.A. (2016). Seed priming to alleviate salinity stress in
germinating seeds. Journal of Plant Physiology, 192, 38-
46.

Ingenhousz, J. (1779). Experiments Upon Vegetables,
Discovering Their Great Power of Purifying the Common
Air in the Sun-shine, and of Injuring it in the Shade and at
Night: To which is Joined, a New Method of Examining
the Accurate Degree of Salubrity of the Atmosphere, P.
Elmsly and H. Payne.

Igbal, S., Farooq, M., Alam Cheema S. and Afza 1. (2016).
Boron Seed Priming Improves the Seedling Emergence,
Growth, Grain Yield and Grain Biofortification of Bread
Wheat. International Journal of Agricultural Biology, 19,
177-182.

Jafar, M.Z., Farooq, M., Cheema, M.A., Afzal, 1., Basra,
S.M.A., Wahid, M.A., Aziz T. and Shahid M. (2012).
Improving the performance of wheat by seed priming
under saline conditions. Journal of Agronomy and Crop
Science, 198, 38-45.

Jamil, A., Riaz, S., Ashraf M. and Foolad M.R. (2011). Gene
expression profiling of plants under salt stress. CRC
Critical Reviews in Plant Science, 30(5), 435-458.

Jan, S., Parween, T, Siddiqi T.O. and Uzzafar M. (2012). Effect
of gamma radiation on morphological, biochemical and
physiological aspects of plants and plant products.
Environmental Reviews, 20, 17-39.

Jisha, K. C., Vijayakumari K. and Puthur J.T. (2013). Seed
priming for abiotic stress tolerance: an overview. Acta
Physiologiae Plantarum, 35(5), 1381-1396.



Rahul Kumar et al.

Katarzyna, K., Beata P.M. and Ewelina R. (2019). Reactive
oxygen species as potential drivers of the seed aging
process. Plants, 8, 174.

Kaur, S., Gupta A.K. and Kaur N. (2002). Effect of osmo-and
hydropriming of chickpea seeds on seedling growth and
carbohydrate metabolism under water deficit stress. Plant
Growth Regulator, 37, 17-22.

Kaya, C., Senbayram, M., Akram, N.A., Ashraf, M., Alyemeni
M.N. and Ahmad P. (2020). Sulfur-enriched leonardite
and humic acid soil amendments enhance tolerance to
drought and phosphorus deficiency stress in maize (Zea
mays L.). Scientific reports, 10(1), 1-13.

Khizenkov, P.K., Dobritsa, N.V., Netsvetov M.V. and Driban
V.M. (2001). Influence of low and super low frequency
alternating magnetic fields on ionic permeability of cell
membranes. Dopv Nats Akad Nauk Ukr, 4, 161-164.

Kohli, S.K., Bali, S., Tejpal, R., Bhalla, V., Verma, V.,
Bhardwaj, R., Alqarawi, A.A., Abd_Allah E.F. and
Ahmad P. (2019). In-situ localization and biochemical
analysis of bio-molecules reveals Pb-stress amelioration in
Brassica juncea L. by co-application of 24-Epibrassinolide
and Salicylic Acid. Scientific reports, 9(1), 3524.

Kohli, S.K., Handa, N., Sharma, A., Gautam, V., Arora, S.,
Bhardwaj, R., Wijaya, L., Alyemeni M.N. and Ahmad P.
(2018). Interaction of 24-epibrassinolide and salicylic acid
regulates pigment contents, antioxidative defense
responses, and gene expression in Brassica juncea L.
seedlings under Pb stress. Environmental Science and
Pollution Research, 25, 15159-15173.

Kosar, F., Akram, N.A., Ashraf, M., Ahmad, A., Alyemeni
M.N. and Ahmad P. (2021). Impact of exogenously
applied trehalose on leaf biochemistry, achene yield and
oil composition of sunflower under drought stress.
Physiologia plantarum, 172(2), 317-333.

Koyro, H-W., Lieth H. and Eisa S.S. (2008). Salt tolerance of
Chenopodium quinoa Willd., grains of the Andes:
Influence of salinity on biomass production, Yyield,
composition of reserves in the seeds, water and solute
relations. Mangroves and halophytes: Restoration and
utilisation, 133-145.

Krylov, A. and Tarakanova G.A. (1960). Magnetotropism of
plants and its nature. Plant Physiology, 7, 156-160.

Kumar, G.D., Raja, K., Natarajan, N., Govindaraju K. and
Subramanian K.S. (2020). Invigouration treatment of
metal and metal oxide nanoparticles for improving the
seed quality of aged chilli seeds (Capsicum annum L.).
Materials Chemistry and Physics, 242, 122492.

Kumar, M., Singhal R.K. and Bose B. (2018). Effect of hydro
and hormonal priming on growth and development of rice
under timely and late sown conditions. International
Journal of Current Microbiology and Applied Science, 7,
2970-2976.

Kumar, V., Singhal, R.K., Kumar, N., Bose, B. (2020): Micro-
nutrient seed priming: a pragmatic approach towards
abiotic stress management. New Frontiers in Stress
Management for Durable Agriculture, 231-255.

Lal, S.K., Kumar, S., Sheri, V., Mehta, S., Varakumar, P., Ram,
B., Borphukan, B., James, D., Fartyal D. and Reddy M.K.
(2018). Seed priming: an emerging technology to impart
abiotic stress tolerance in crop plants. Advances in seed
priming, 41-50.

Li, J., Hu, J., Ma, C., Wang, Y., Wu, C., Huang J. and Xing B.
(2016). Uptake, translocation and physiological effects of

358

magnetic iron oxide (y-Fe203) nanoparticles in corn (Zea
mays L.). Chemosphere, 159, 326-34.

Liu, J., Li, L., Yuan F. and Chen M. (2019). Exogenous
salicylic acid improves the germination of Limonium
bicolor seeds under salt stress. Plant Signaling &
Behavior, 14(10), e1644595.

Lutts, S., Benincasa, P., Wojtyla, L., Kubala, S., Pace, R.,
Lechowska, K., Quinet M. and Garnczarska M. (2016).
Seed priming: new comprehensive approaches for an old
empirical technique. New challenges in seed biology-basic
and translational research driving seed technology,
46(10.5772), 64420.

Mahboob, W. and Khan A. (2019). Seed priming modulates
germination potential, osmoprotectants accumulation and
ionic uptake in wheat seedlings under salt stress screening
for abiotic stress view project screening of salt tolerant
wheat genotypes view project. International Journal of
Agricultural and Biology, 22, 594-600

Mahmood, A., Turgay, O.C., Farooqg M. and Hayat R. (2016).
Seed biopriming with plant growth promoting
rhizobacteria: a review. FEMS microbiology ecology,
92(8), fiwl12.

Maiti, R. and Pramanik K. (2013). Vegetable seed priming: A
low cost, simple and powerful techniques for farmers’
livelihood. International Journal of Bio-resource and
Stress Management, 4, 475-481

Marcu, D., Damian, G., Cosma C. and Cristea V. (2013).
Gamma radiation effects on seed germination, growth and
pigment content, and ESR study of induced free radicals
in maize (Zea mays). Journal of Biological Physics, 39,
625-634.

Marthandan, V., Geetha, R., Kumutha, K., Renganathan, V. G.,
Karthikeyan A. and Ramalingam J. (2020). Seed priming:
a feasible strategy to enhance drought tolerance in crop
plants. International Journal of Molecular Sciences, 21,
8258.

Maswada, H.F., Djanaguiraman M. and Prasad P.V. (2018).
Seed treatment with nano - iron (III) oxide enhances
germination, seeding growth and salinity tolerance of
sorghum. Journal of Agronomy and Crop Science, 204(6),
577-87.

Melki, M. and Sallami D. (2008). Studies the effects of low
dose of gamma rays on the behaviour of chickpea under
various conditions. Pakistan Journal of Biological
Sciences, 11, 2326-2330.

Mirmazloum, I., Kiss, A., Erdélyi, E., Ladédnyi, M., Németh
E.Z. and Radicsi P. (2020). The effect of osmopriming on
seed germination and early seedling characteristics of
Carum carvi L. Agriculture, 10(4), 94.

Moll, J., Okupnik, A., Gogos, A., Knauer, K., Bucheli, T.D.,
Van Der Heijden M.G. and Widmer F. (2016). Effects of
titanium dioxide nanoparticles on red clover and its
rhizobial symbiont. PloS one, 11(5), e0155111.

Panyuta, O., Belava, V., Fomaidi, S., Kalinichenko, O.,
Volkogon M. and Taran N. (2016). The effect of pre-
sowing seed treatment with metal nanoparticles on the
formation of the defensive reaction of wheat seedlings
infected with the eyespot causal agent. Nanoscale
research letters, 11, 1-5.

Paparella, S., Arau’jo, S.S., Rossi, G., Wijayasinghe, M.,
Carbonera D. and Balestrazzi A. (2015). Seed priming:



359

Seed priming : an old empirical technique with new holistic approaches to increase the tolerance

of plants to salt and drought stress

state of the art and new perspectives. Plant cell reports,
34(8), 1281-1293.

Parera, C.A. and Cantliffe D.J. (1994). Presowing seed priming.
Horticulture Reviews, 16, 109-114.

Parihar, P., Singh, S., Singh, R., Singh V.P. and Prasad S.M.
(2014). Effect of salinity stress on plants and its tolerance
strategies: A review. Environmental Science and Pollution
Research International, 22, 4056-4075

Pimentel, D., Berger, B., Filiberto, D., Newton, M., Wolfe B.
and Karabinakis E. (2004). Water resources: Agricultural
and environmental issues. BioScience, 54, 909-918

Raja, V., Qadir, S.U., Alyemeni M.N. and Ahmad P. (2020).
Impact of drought and heat stress individually and in
combination on  physio-biochemical  parameters,
antioxidant responses, and gene expression in Solanum
lycopersicum. 3 Biotech, 10(5), 1-18.

Rakshit, A., Sunita, K., Pal, S., Singh A. and Singh H.B.
(2015). Bio-priming mediated nutrient use efficiency of
crop species. Nutrient Use Efficiency: From Basics to
Advances, 181-191.

Rastogi, A., Zivcak, M., Sytar, O., Kalaji, H.M., He, X., Mbarki
S. and Brestic M. (2017). Impact of metal and metal oxide
nanoparticles on plant: a critical review. Frontiers in
Chemistry, 5(78).

Reddy, P.P. and Reddy P.P. (2013). Bio-priming of seeds.
Recent advances in crop protection, 83-90.

Rehman, A., Farooq, M., Cheema Z.A. and Wahid A. (2013).
Role of boron in leaf elongation and tillering dynamics in
fine grain aromatic rice. Journal of Plant Nutrition, 36,
42-54.

Rouhi, H.R., Aboutalebian M.A. and Sharif-Zadeh F. (2011).
Effects of hydro and osmopriming on drought stress
tolerance during germination in four grass species.
International Journal of Agrisience, 1, 107-114.

Rupiasih, N.N. and Vidyasagar P.B. (2016). Effect of UV-C
radiation and hypergravity on germination, growth and
content of chlorophyll of wheat seedlings. In AIP
conference proceedings, 1719(1), AIP Publishing.

Sarkar, D., Kar, S. K., Chattopadhyay, A., Rakshit, A., Tripathi
V. K. and Dubey P. K. (2020a). Low input sustainable
agriculture: a viable climate-smart option for boosting
food production in a warming world. Ecological
Indicators, 115, 106412.

Shcherbakova, E.N., Shcherbakov, A.V., Andronov, E.E.,
Gonchar, L.N., Kalenskaya S.M. and Chebotar V.K.
(2017). Combined pre-seed treatment with microbial
inoculants and Mo nanoparticles changes composition of
root exudates and rhizosphere microbiome structure of
chickpea (Cicer arietinum L.) plants. Symbiosis, 73, 57-
69.

Shivay, Y.S., Prasad R. and Pal M. (2014). Genetic variability
for zinc use efficiency in chickpea as influenced by zinc
fertilization. International Journal of Bio-Resources and
Stress Management, 5, 31-36.

Shukla, N., Awasthi, R.P., Rawat L. and Kumar J. (2014). Seed
biopriming with drought tolerant isolates of Trichoderma
harzianum promote growth and drought tolerance in
Triticum aestivum. Annals of Applied Biology, 166, 171—
182.

Singh, A., Dahiru, R., Musa M. and Haliru B.S. (2014). Effects
of osmo-priming duration on germination, emergence and
early growth of cowpea (Vigna unguiculata (L.) Walp.) in

the Sudan savanna Nigeria. International Journal of
Agronomy, 4, 841238.

Singh, H., Jassal, R.K., Kang, J.S., Sandhu, S.S., Kang H. and
Grewal K. (2015). Seed priming techniques in field crops-
A review. Agricultural Reviews, 36, 251-264.

Singh, S., Bhuker, A., Kumar, S., Kumar A. and Dhaka A.K.
(2023). Effects of Dormancy-Breaking Treatments on
Seed Quality Parameters in Medicinal Herb Tulsi
(Ocimum tenuiflorum L.). Seed Research, 51(1), 43-49.

Singh, S., Pathak, S., Yogita, Singh, J., Kamboj M. and Singh
V. (2024). Nano-seed Coating Technologies for
Enhancing Vegetable Seed Performance and Stress
Tolerance. Journal of Agriculture and Ecology Research
International, 25(6), 278-295.

Singhal, R.K., Kumar V. and Bose B. (2019). Improving the
yield and yield attributes in wheat crop using seed priming
under drought stress. J. Pharmacogn. Phytochem., 8, 214—
220.

Sivasubramaniam, K., Geetha, R., Sujatha, K., Raja, K.,
Sripunitha A. and Selvarani R. (2011). Seed priming:
Triumphs and tribulations. Madras Agric. J., 98(7-9),
197-2009.

Tabassum, T., Farooq, M., Ahmad, R., Zohaib, A., Wahid A.
and Shahid M. (2018). Terminal drought and seed priming
improves drought tolerance in wheat. Physiology and
Molecular Biology of Plants, 24, 845-856.

Thomas, T.T. and Puthur J.T. (2017). UV radiation priming: A
means of amplifying the inherent potential for abiotic
stress tolerance in crop plants. Environmental and
Experimental Botany, 138, 57-66.

Tsegay, B.A. and Andargie M. (2018). Seed priming with
gibberellic acid (GA;) alleviates salinity induced
inhibition of germination and seedling growth of Zea
mays L., Pisum sativum Var. abyssinicum A. Braun and
Lathyrus sativus L. Journal of Crop Science and
Biotechnology, 21(3), 261-267

Ullah, A., Farooq, M., Hussain M. and Wakeel A. (2019). Zinc
seed priming improves stand establishment, tissue zinc
concentration and early seedling growth of chickpea.
Journal of Animal and Plant Sciences, 29, 1049-1053.

Umezawa, T., Nakashima, K., Miyakawa, T., Kuromori, T.,
Tanokura, M., Shinozaki K. and Yamaguchi K. (2010).
Molecular basis of the core regulatory network in ABA
responses: Sensing, signaling and transport. Plant Cell
Physiology, 51, 1821-1839.

Upadhyaya, H., Begum, L., Dey, B., Nath P.K. and Panda S.K.
(2017). Impact of calcium phosphate nanoparticles on rice
plant. Journal of Plant Science and Phytopathology, 1, 1-
10

Wei, L.X., Lv, B.S,, Li, X.W., Wang, M.M., Ma, H.Y., Yang,
H.Y., Yang, R.F., Piao, Z.Z., Wang, Z.H., Lou J.H. and
Jiang C.J. (2017). Priming of rice (Oryza sativa L.)
seedlings with abscisic acid enhances seedling survival,
plant growth, and grain yield in saline-alkaline paddy
fields. Field crops research, 203, 86-93.

Wi, G., Chung, Y., Kim, J.H., Back, M.H., Yang, D.H., Lee
J.W. and Kim J.S. (2005). Ultrastructural changes of cell
organelles in Arabidopsis stems after gamma irradiation.
Journal of Plant Biology, 48, 195-200.

Yasmeen, F., Raja, N.I,, Razzaq A. and Komatsu S. (2017).
Proteomic and physiological analyses of wheat seeds
exposed to copper and iron nanoparticles. Biochimica et



Rahul Kumar et al. 360

Biophysica Acta (BBA)-Proteins and Proteomics 1865(1),
28-42.

Ye, Y., Cota-Ruiz, K., Hernandez-Viezcas, J.A., Valdes, C.,

Medina-Velo, I.A., Turley, R.S., Peralta-Videa J.R. and
Gardea-Torresdey J.L. (2020). Manganese nanoparticles
control salinity modulated molecular responses in
Capsicum annuum L. through priming: A sustainable
approach for agriculture. ACS Sustainable Chemistry &
Engineering, 8(3), 1427-36.

Zhang, F., Yu, J., Johnston, C.R., Wang, Y., Zhu, K., Lu, F,,

Zhang Z. and Zou J. (2015). Seed priming with
polyethylene glycol induces physiological changes in
sorghum (Sorghum bicolor L. Moench) seedlings under
suboptimal soil moisture environments. Plos one, 10(10),
p.e0140620.

Zheng, M., Tao, Y., Hussain, S., Jiang, Q., Peng, S., Huang, J.,
Cui K. and Nie L. (2016). Seed priming in dry direct-
seeded rice: Consequences for emergence, seedling
growth and associated metabolic events under drought
stress. Plant Growth Regulators, 78, 167-178.

Zorb, C., Geilfus C.M. and Dietz K.J. (2019). Salinity and crop
yield. Plant biology, 21, 31-38.

Zulueta-Rodriguez, R., Herndndez-Montiel, L.G., Murillo-
Amador, B., Rueda-Puente, E.O., Capistran, L.L.,
Diéguez E.T. and Cordoba M. (2015). Effect of
Hydropriming and Biopriming on Seed Germination and
Growth of Two Mexican Fir Tree Species in Danger of
Extinction. Forests, 6, 3109-3122.



