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Preface

Climate change-related environmental conditions, such as drought, salinity, and 
heat, are among the most devastating abiotic stresses for crop yield. Their impacts 
are further exacerbated due to anthropogenic contribution, thus generating a major 
threat to global food security. Simultaneously, agriculture is one of the top water- 
consuming sectors globally (69% of the water withdrawal), and agricultural intensi-
fication is expected to increase the demand for water worldwide. Drought, salt, and 
heat tolerance improvement in major crops is a valuable tool to reduce crop yield 
losses, to increase agricultural water use efficiency, and to cultivate areas that were 
unable to be cultivated due to low precipitation and/or salt accumulation.

Different methodologies have been employed for enhancing climate change- 
related stress tolerance in plants and therefore increase crop water use efficiency; 
some are particularly time-consuming (e.g., conventional breeding), and others are 
currently unacceptable in many countries around the world (e.g., plant genetic mod-
ification). Priming is a rapidly emerging field in plant stress physiology and crop 
stress management. Plants treated with certain natural or synthetic compounds (i.e., 
chemical agents) and/or biological agents (such as PGPB and AMF) prior stress 
events show enhanced tolerance when exposed to sub-optimal abiotic conditions. 
There are different kinds of priming, like hydropriming, halopriming, magnetoprim-
ing, and chemical priming, which have become very popular in the last couple of 
decades. Recently, seedling pretreatments with a low dose of antioxidants, trace 
elements, amino acids, phytohormones, and other signaling molecules were found 
to provide enhance stress tolerance under stressful conditions. Stress impacts on 
plant growth and yield in primed plants are remarkably reduced in comparison with 
non-primed plants. However, further research is needed to better understand how 
plants better adapt to multiple environmental constraints after priming and establish 
stress management practices based on biological and chemical priming, while very 
few studies were dedicated on seed priming against combined abiotic stresses to 
date.

The editors and contributing authors hope that this book will provide an up-to- 
date view on the exciting field of seed/plant priming and lead to new discussions 
and efforts to further develop this multifaceted technology. Therefore, the present 
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volume would be a valuable source of scientific information to advanced students, 
early-stage researchers, faculty, and scientists involved in agriculture, plant sci-
ences, biotechnology, plant breeding, and related areas.

We, the editors, would like to give special thanks to the authors for their out-
standing and timely work in producing such fine chapters. We are highly thankful to 
Ms. Mei Hann Lee, editor, Life Sciences, Springer, Japan, for her prompt responses 
during the acquisition. We are also thankful to Selvakumar Rajendran, project coor-
dinator of this book, and all other editorial staff for their precious help in formatting 
and incorporating editorial changes in the manuscripts. Special thanks to Dr. Md. 
Mahabub Alam, Mr. Abdul Awal Chowdhury Masud, and Khursheda Parvin of 
Sher-e-Bangla Agricultural University, Bangladesh, for their generous help in for-
matting the manuscripts. The editors and contributing authors hope that this book 
will include a practical update on our knowledge for the role of plant nutrients in 
abiotic stress tolerance.

Dhaka, Bangladesh Mirza Hasanuzzaman
Lemesos, Cyprus Vasileios Fotopoulos
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1  Introduction

Seed priming is the control hydration of seeds in water or a solution of low osmotic 
potential to initiate the germination metabolism without radical protrusion. Many 
studies have reported that seed priming improves the stand establishment and pro-
ductivity of field crops (Farooq et al. 2005, 2006a, b, c, d, 2007, 2008a, b, 2010). 
There are several types of seed priming including (i) hydropriming, (ii) haloprim-
ing, (iii) osmopriming, (iv) solid matrix priming, (v) biopriming, (vi) nutripriming, 
and (vii) seed priming with hormones, plant growth regulators, and other organic 
sources. Each of this seed priming technique has been discussed in detail below.

2  Hydropriming

In hydropriming, the seeds are simply soaked in water prior to sowing for a defined 
period of time depending upon the radical protrusion time of each plant species. 
Aeration may or may not be provided to the seeds. It is a very simple, low-cost 
technology as simple water is used in this priming technique. Hydropriming is fol-
lowed by surface drying or redrying of seeds to their original weight. Many studies 
have reported that hydropriming may improve the stand establishment, seedling 
vigor, and productivity of field crops under optimal and suboptimal conditions. For 
example, Roy and Srivastava (1999) found that hydropriming of wheat seeds 
improved the seed germination in a saline soil. In another study, seed emergence 
and plant growth at vegetative and reproductive stages were improved in maize due 
to hydropriming (Nagar et al. 1998). Many studies have reported that hydropriming 
of seeds improved the seed germination and seedling emergence of rice (Basra et al. 
2005; Farooq et al. 2006d), maize (Mohammadi et al. 2008; Dezfuli et al. 2008), 
wheat (Harris et al. 2001; Afzal et al. 2007; Nawaz et al. 2017), safflower (Bastia 
et al. 1999), chickpea (Harris et al. 1999; Kaur et al. 2002; Kamithi et al. 2016), 
lentil (Ghassemi et al. 2008), safflower (Ashrafi and Razmjoo 2010), mountain rye 
(Ansari and Zadeh 2012), and pearl millet (Kumar et  al. 2002). In conclusion, 
hydropriming improves seed germination, seedling emergence, and productivity of 
field crops.
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3  Halopriming

Halopriming involves the soaking of seeds in the aerated solutions of inorganic salts 
(potassium nitrate, sodium chloride, calcium sulfate, and calcium chloride) of vari-
able concentration. Various studies have reported that halopriming improved the 
stand establishment, seedling growth, and productivity of diverse crop species under 
optimal and suboptimal conditions. For example, Khan et al. (2009) found a signifi-
cant improvement in the stand establishment and seedling growth of hot pepper due 
to seed priming with sodium chloride under saline soil conditions. In another study, 
the priming of wheat seeds with sodium chloride and potassium chloride was useful 
for improvement in its performance in saline soil (Iqbal et  al. 2006). Under salt 
stress, priming of sorghum seeds with potassium nitrate or calcium chloride 
improved the activity of amylase and proteases (Kadiri and Hussaini 1999) and 
increased the soluble sugars, free amino acids, and proteins in pigeon pea (Jyotsna 
and Srivastava 1998). In another study, Sedghi et al. (2010) found that seed priming 
with sodium chloride or potassium nitrate improved the stand establishment and 
seedling growth of sunflower. Improvement in α-amylase and dehydrogenase activi-
ties due to seed priming with potassium nitrate solution in muskmelon has also been 
reported (Singh et  al. 1999). The priming of wheat seeds with calcium chloride 
improved the performance of wheat under saline stress (Roy and Srivastava 1999). 
Likewise, seed priming of millet and sorghum with calcium chloride and potassium 
nitrate improved the activity of α-amylase and proteases under salt stress (Kadiriand 
Hussaini 1999). Chang-Zheng et  al. (2002) also reported that seed priming with 
mixed salt solution improved the seed germination and activities of α- and p- amylase 
and root dehydrogenase in rice under salt stress. In conclusion, halopriming 
improves the stand establishment, germination metabolism, and productivity of 
many crops under optimal and suboptimal conditions.

4  Osmopriming

In osmopriming, the seeds are soaked in aerated solution of sugars (sorbitol, man-
nitol, etc.) or polyethylene glycol (PEG), followed by surface drying or redrying to 
their original weight. It is also known as osmotic priming or osmo-conditioning. 
Many studies have reported that osmopriming improves the stand establishment and 
seedling/crop growth under optimal and suboptimal conditions. For example, 
osmopriming (20% PEG-8000) of ryegrass and sorghum seeds improved the germi-
nation rate of both crops under suboptimal conditions (Hur 1991). Salehzade et al. 
(2009) also found that osmopriming (with PEG-8000) of wheat seeds improved the 
stand establishment. In another study, the osmopriming (with PEG-As) enhanced 
the ATPase activity in peanut with substantial improvement in RNA syntheses and 
activity of acid phosphatase in the cotyledon and embryonic axis (Nawaz et  al. 
2013). In tomato, osmopriming (with PEG 6000) improved the seedling emergence, 
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seedling vigor, stay green, and leaf growth as compared to unprimed seeds (Pradhan 
et al. 2015). In rice under salt stress, seed priming with mannitol (1, 2, and 3%) 
improved the seedling dry weight, the membrane stability, and stay green with a 
simultaneous reduction in the Na+/K+ (Theerakulpisut et al. 2017). Improvement in 
stand establishment of sorghum and peanut owing to mannitol seed priming has also 
been reported (Safiatou 2012). Many other studies have reported that seed priming 
with PEG improved germination in bell pepper (Thakur et  al. 1997), soybean 
(Gongping et al. 2000; Sadeghi et al. 2011), tomato (Nagarajan and Pandita 2001), 
muskmelon (Nascimento 2003), bitter gourd (Pandita and Nagarajan 2004; 
Thirusenduraselvi and Jerlin 2009), cauliflower (Pallavi et  al. 2006), safflower 
(Nabizadeh et al. 2012), barley (Shukla et al. 2016), and wheat (Azadi et al. 2013). 
In conclusion, osmopriming improves the germination metabolism in field and hor-
ticultural crops under a diverse array of environmental conditions.

5  Solid Matrix Priming

Matrix priming, also known as the solid matric conditioning, is accomplished with 
the controlled and limited hydration, as in hydropriming and osmopriming. However, 
the matrix priming utilizes the solid medium (matrix which delivers water and nutri-
ents to seed prior to emergence of radical including vermiculite and diatomaceous 
and water-absorbent polymer) for seed priming purpose (Taylor and Harman 1990). 
These solid matrix materials have low bulk density and low osmotic potential and 
high water-holding capacity. Khan (1992) recommended the use of matrix priming 
due to the good water-holding capacity of the solid matrix and its ease of removal 
from the seed. The matrix priming has the ability to provide a good amount of oxy-
gen to the seed during the process of hydration. In a study, the germination metabo-
lism was improved by the matrix priming in Helichrysum bracteatum L. (Grzesik 
and Nowak 1998). Ilyas et al. (2002) found that matrix conditioning of hot pepper 
seeds improved the protein level and fruit quality. In another study on pepper and 
tomato by Kubik et al. (1988), it was found that solid matrix priming was much use-
ful for improvement in germination. In conclusion, solid matrix priming might be a 
good option to boost up the seed germination in different crop species, especially 
the horticultural crops.

6  Biopriming

It is a newly emerged technique of seed treatment which integrates the physiological 
(seed hydration) and biological (seed inoculation with the beneficial organisms) 
mechanisms (Reddy 2012; Rakshit et al. 2015). Biopriming has been recently used 
as an alternate method of managing the soil- and seed-borne pathogens. Callan et al. 
(1990) first introduced the procedure of biopriming. Like other seed priming 
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techniques, radical protrusion in not allowed in the biopriming. The exudates 
released from the seed may serve as source of energy and nutrients to the biocontrol 
agents during biopriming (Wright et al. 2003), thus facilitating the proliferation and 
the colonization of these biocontrol agents over the surface of seeds which facilitate 
the nutrient/water uptake. According to Rakshit et al. (2015), the biopriming with 
beneficial microbes offers an innovative crop protection toll by improving the seed 
quality, seedling vigor, and plant ability to withstand the suboptimal growth condi-
tions, thus ensuring the sustainable crop production. Mahmood et  al. (2016) 
reviewed that biopriming speeds up germination, ensures the uniformity of seedling 
emergence, and thus improves the crop yields and quality. Recently, the nutrient- 
solubilizing bacteria have been used as seed priming agent along with the nutrient 
media to enhance the nutrient uptake in crops. For example, Rehman et al. (2018a, 
b) found that Pseudomonas-aided zinc application or Zn seed priming with endo-
phytic bacteria improved the productivity and biofortification of bread wheat. In 
conclusion, biopriming with beneficial microbes may be useful to combat the dis-
ease problem and improve the bioavailability of the micronutrients to the crops.

7  Nutripriming

Recently, the priming of seeds  in different micronutrient soltutions  is getting 
momentum in order to improve the micronutrient availability into plants and their 
final assimilation in the seed (biofortification) to reduce the malnutrition. Many 
studies have reported that seed priming with zinc, boron (B), and magnesium at pre- 
optimized rates improved the performance of different field crops owing to an 
improvement in seed germination, growth, and yield parameters. For example, 
Rehman (2012) conducted a field study to evaluate the effect of seed priming with 
boron in increasing the chickpea productivity. Seeds of two chickpea genotypes 
Punjab-2008 and T-3009 were soaked in aerated solutions of different B concentra-
tions viz. 0.1, 0.01, 0.001% B. Seed priming in 0.001% B solution improved the 
stand establishment and uniformity. Seed priming in 0.001% B solution and 
hydropriming improved the leaf emergence, leaf elongation, plant height, leaf area 
index, crop and leaf growth rate, reduced time to flowering, caused early maturity, 
improved grain filling rate and duration, and grain enrichment with boron. In another 
study, boron nutripriming improved the germination and early seedling growth of 
rice in Punjab, Pakistan (Farooq et al. 2011). Various other studies have reported an 
improvement in the stand establishment and productivity of field crops due to 
nutripriming (Ullah et al. 2017; Iqbal et al. 2017; Rehman et al. 2015, 2018a, b; 
Farooq et  al. 2018). In conclusion, nutripriming improves stand establishment, 
growth, productivity, and grain biofortification of field crops.
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8  Seed Priming with Plant Growth Regulators, Hormones, 
and Other Organic Sources

Seed priming with hormones, plant growth-promoting rhizobacteria, and other 
organics sources has been reported to improve the stand establishment, growth, and 
productivity of field and horticultural crops under optimal and suboptimal condi-
tions. For example, improvement in seed germination in the Podophyllum hexan-
drum (Nautiyal et al. 1987; Nadeem et al. 2000; Thakur et al. 2010), onion (Nalini 
et al. 2001), okra (Singh et al. 2004), bell pepper (Yogananda et al. 2004), brinjal 
(Kumar 2005), sunflower (Singh et al. 2006), and sesame (Kyuak et al. 1995) has 
been reported due to seed priming with gibberellic acid. In a study, Zhang et al. 
(2007) found that seed priming of lucerne seeds with brassinolide at an optimized 
concentration increased the seed germination and seedling growth under salt stress.

Seed priming with hormones to improve the crop performance under stressful 
environments has also attained greater attention in recent past (Sneideris et  al. 
2015). The hormonal priming generally consists of priming of seeds with different 
chemicals including hydrochloric acid, hypochlorite and other natural substances. 
In a study, the seed priming with ascorbic acid and salicylic acid (500 ppm each) 
improved the seedling growth and seedling dry weight under saline and non-saline 
conditions (Afzal et al. 2006). In pepper, Khan et al. (2009) found that seed priming 
with salicylic acid and acetyl salicylic acid improved the uniformity of seedling 
emergence under saline conditions. In addition to these chemicals, seed priming 
with ethylene has been reported to improve the seed germination of lettuce under 
high temperature stress (Nascimento et  al.  2004). Afzal et  al. (2005, 2006) also 
reported that hormonal priming in spring wheat with ascorbic acid, salicylic acid, 
and abscisic acid was useful for alleviation of salinity stress. Basra et al. (2006) 
found that seed priming in aerated solutions of either, ascorbate or salicylic acid (at 
concentrations of 10 and 20 ppm for 48 h) improved the stand establishment and 
seedling dry weight in rice. In conclusion, seed priming with plant growth regula-
tors, hormones, and other organic sources is a viable option to improve the seed 
germination, growth, and productivity of crops.
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Abstract The critical stages during the growth of crops are the uniform seed ger-
mination, early seedling growth, and uniform plant stand. Low crop yield is attrib-
uted to uneven seed germination and seedling growth. Therefore, the quality of seed 
can be improved through priming in addition to the field management techniques 
for better seed germination. Priming is a physiological technique of seed hydration 
and drying to enhance the pregerminative metabolic process for rapid germination, 
seedling growth, and final yield under normal as well as stressed conditions. The 
primed seeds show faster and uniform seed germination due to different enzyme 
activation, metabolic activities, biochemical process of cell repair, protein synthe-
sis, and improvement of the antioxidant defense system as compared to unprimed 
seeds. There are many techniques of seed priming which are broadly divided into 
conventional methods (hydro-priming, osmo-priming, nutrient priming, chemical 
priming, bio-priming, and priming with plant growth regulators) and advanced 
methods (nano-priming and priming with physical agents). However, priming is 
strongly affected by various factors such as temperature, aeration, light, priming 
duration, and seed characteristics. This chapter highlights the priming mechanism 
and the available technologies as a tool for superficial seed germination and crop 
stand. An experiment with reference to the importance of priming toward vigor seed 
germination and seedling growth was conducted, and its results have been added in 
this chapter.

Keywords Seed priming · Germination · Antioxidant defense system · Metabolic 
activities · Crop growth

1  Introduction

Seed treatment before sowing is the foundation for activation of seed resources that 
in combination with external ingredients could contribute to the efficient plant 
growth and high yield. Various physiological and non-physiological techniques are 
available for enhancing seed performance as well as to combat environmental con-
straints. The physiological treatments for improving seed germination and stand 
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establishment are composed of seed hydration techniques such as humidification, 
wetting, and presoaking. The other techniques for promoting germination are com-
prised of chemical treatments, seed inoculation with beneficial microbes, and seed 
coating. Seed priming is a physiological method of controlled hydration and drying 
to enhance sufficient pre-germinative metabolic process for rapid germination 
(Dawood 2018). This is one of the economic and feasible technologies for uniform 
seed development in most of the field crops. Other benefits include efficient nutri-
ents uptake, water use efficiency, release photo- and thermo-dormancy, maturity, 
and crop yield (Hill et  al. 2008; Bagheri 2014; Lara et  al. 2014; Dutta 2018). 
However, many factors affect the performance of seed priming such as plant spe-
cies, priming duration, temperature, priming media, and their concentration and 
storage conditions. The treated seed with a proper reagent can germinate better, for 
instance, seed treatment with inorganic salts (KCl and KNO3) enhanced the germi-
nation and growth rates. The KCl improved the starch and protein contents, whereas 
KNO3 increased the fruit size and quality (Singh et al. 2015a, b).

The other priming reagents involved in breaking seed dormancy are gibberellic 
acid (GA) and cytokinins (Assefa et al. 2010). Priming induces a set of biochemical 
changes such as enzyme activation, metabolism of germination inhibitors, repair of 
cell damages, and imbibition to promote germination (Farooq et al. 2010). Priming 
also modifies biochemical and physiological nature of embryo and affects the 
release of substances during germination phase II that activates the production of 
hydrolytic enzymes. These substances make high-energy compounds and essential 
chemicals for the germinating seedlings available (Renugadevi and Vijayageetha 
2006). Therefore, the positive effects of seed priming are highly attributed to vari-
ous biochemical phenomena such as improvement of the antioxidant defense sys-
tem and restoration of metabolic activities through the synthesis of proteins and 
nucleic acids (RNA and DNA) (Di Girolamo and Barbanti 2012).

2  History of Seed Priming

Various seed treatment techniques are introduced and examined for uniform germi-
nation under different environmental conditions. Evenari (1984) reported that the 
efforts for improving seed germination and growth are dated back to ancient Greeks. 
Theophrastus (371–287 B.C.), during an investigation, observed that cucumber 
seeds when soaked in water result in faster and uniform germination as compared to 
unprimed seeds (Theophrastus, Enquiry into Plants, Book VII, I.6). Likewise, the 
Roman naturalist Gaius Plinius Secundus (23–79 A.D.) in his Encyclopedia reported 
the positive effects of presoaking of cucumber seeds in honey and water for seed 
germination (Gaius 1949–1954). Afterward, in 1539–1619, the French botanist 
Oliver de Serres reported about the seed soaked in manure water for 2 days and then 
dried before sowing as an effective way of seed treatment for better crop growth. 
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Charles Darwin tested osmo-priming on lettuce and cress seeds in seawater and 
observed high germination in the treated seeds as compared to nonprimed seed 
(Darwin 1855). The modern concept of seed priming is presented by Ells (1963), 
who highlighted the critical parameters related to seed treatment. He observed high 
germination rates when seeds were treated with a specific nutrient solution. Koehler 
(1967) reported that treatment with salt solution promotes RNA accumulation that, 
in turn, enhances other physiological process and results in high seed emergence. 
May et al. (1962) stated that seed drying for certain time at specific level after prim-
ing exerts beneficial effect and leads to fast germination under normal as well as 
stressful conditions (Berrie and Drennan 1971). Heydecker et  al. (1973) used 
organic chemical polyethylene glycol (PEG) H–(O–CH2–CH2)n–OH, a high molec-
ular weight compound, for seed pretreatment to boost germination and avoid several 
problems associated with salts treatment like hardening. The priming technology, so 
far in research and development, has been adopted as a novel technique for getting 
a uniform crop standby several seed and agricultural companies.

3  Phenomenon of Seed Priming

After sowing, seeds remain in the soil for a certain period to absorb water and some 
essential nutrients for their growth. Seed priming is a technique to reduce this time 
and makes the germination quickly and uniformly. In addition to hydration, priming 
also reduces the sensitivity of seed to external environmental factors (Afzal et al. 
2016). Priming promotes seed germination under three stages such as imbibition, 
germination, and growth (Fig.  1). During the imbibition stage, the water uptake 
promotes protein synthesis and respiratory activities through messenger ribonucleic 
acid (mRNA). The second stage is related to the initiation of different physiological 
activities related to germination such as protein synthesis, mitochondria synthesis, 
and alteration in soluble sugars (Varier et al. 2010). The critical factor during seed 
priming is the controlled water uptake during the second stage, before the emer-
gence and growth of radical from the seed coat during the last stage. The second 

Fig. 1 General phenomenon of seed priming
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stage (germination) is much sensitive to environmental factors than the third stage 
(Côme and Thévenot 1982). Therefore, during priming, the seeds that have passed 
through the second stage could germinate under variant environmental conditions as 
compared to unprimed seeds (Corbineau and Côme 2006).

4  Methods of Seed Priming

There are several techniques of seed priming that are broadly divided into conven-
tional and advanced methods. The traditional techniques are comprised of hydro- 
priming, osmo-priming, nutrient priming, chemical priming, bio-priming, seed 
priming with plant growth regulators, and priming with plant extracts, whereas the 
advanced techniques of seed priming include seed priming through nanoparticles 
and priming through physical agents (Table  1). These techniques are described 
below.

4.1  Conventional Seed Priming Methods

4.1.1  Hydro-priming

Hydro-priming is a simple and economical technique in which seeds are soaked in 
water for a specific period and dried to a certain moisture level before sowing (Singh 
et al. 2015a, b). This technology is useful in areas with adverse environmental con-
ditions including high heat and drought stress. Hydro-priming improves the water 
uptake efficiency and seed hydration under such conditions (McDonald 2000). 
However, it is critical to maintaining optimum humidity and temperature to avoid 
radical projection, as hydro-priming may result in noncontrolled water uptake 
(Taylor et al. 1998). The key technique of hydro-priming is “drum priming” invented 
by Rowse (1991). Drum priming is comprised of a drum containing seed lot con-
nected to a boiler producing vapors. The vapors upon entering the drum condense 
into water droplets. During treatment, the increase in relative seed mass is measured 
along with strict control of the volume of the water and time required for seed 
hydration (Warren and Bennett 1997). Various research studies have explained that 
during drought stress conditions, hydro-priming increases the germination and 
seedling growth by 3–4 times as compared to nonpriming (Kaur et  al. 2002). 
Likewise, Sung and Chiu (1995) reported that watermelon seeds when subjected to 
hydro-priming result in fast germination and seedling growth. In addition to several 
food crops such as Allium porrum, coriander, pyrethrum, and wheat, hydro-priming 
resulted in a uniform early germination in many desert plants like desert cacti 
(Dubrovsky 1996).
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Table 1 The effect of conventional and advance seed priming techniques on crops growth and 
development

Crop
Priming 
solutions

Priming 
duration 
(hours) Observations Studies

Pepper Marigold flowers 
petal extract

24 10% high seed germination
15% high seedling emergence rate
Reduced the MGT up to 40%
High germination index
High seedling weight

Mavi (2016)

Wheat Water, KCl, 
CaCl2

12, 14, 24 Improved crop performance under 
chilling temperature
Reduced time to start emergence by 
~16%
Reduced time to 50% germination 
and MET by ~17 and 33%, 
respectively
Increase the plant height, fertile 
tillers, and straw yield
Enhanced the grain yield by ~12

Farooq et al. 
(2008)

Rice Water 24 Improved seedling growth by 
enhancing germination index, 
seedling vigor index, and 
germination energy
Reduced mean germination time
Increased panicle number(m−2)
Improved crop growth and final yield

Mahajan et al. 
(2011)

Marigold Solution Zn and 
Mn

12 Enhanced the germination rate up to 
93%
Increased SVI by 18.5%
Flower yield was increased >63%
~50% increase in essential oil 
production

Mirshekari 
et al. (2012)

Barley Solution of Zn 
and P

12 Increased the germination rate from 
65 to 95%
50% germination was achieved after 
2 days
High nutrient accumulation without 
affecting germination
Increased the plant height, root, and 
shoot biomass
Stimulate root growth by 27%
Increased the water use efficiency by 
44% under drought conditions

Ajouri et al. 
(2004)

(continued)
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Table 1 (continued)

Crop
Priming 
solutions

Priming 
duration 
(hours) Observations Studies

Linseed Salicylic acid, 
CaCl2 and 
moringa leaf 
extract

12 Reduced time to 50% germination 
and mean germination time
Enhanced the GI and final 
germination
Increased the fresh and dry weight of 
root and shoot
Increase in seed weight by 9.30%, 
biological yield by 34.16%, seed 
yield by 39.49%, harvest index by 
4.12%, and oil contents by 13.39%

Rehman et al. 
(2014)

Cabbage Urea 8 Primed seed showed high 
germination rate
Enhanced antioxidative enzyme 
activity
Improved soluble sugar and proline 
content

Yan (2015)

Tomato Plants extracts 48 Maximum germination up to 90%
Perk up seed vigor index, seedling 
length, and fresh and dry biomass
Suppress plant disease and increased 
the survival rate up to 68%

Prabha et al. 
(2016)

Rice Polyamine 48 Increased seed germination and 
seedling length
Affect fresh and dry weight
Enhanced net photosynthesis, proline 
production, water use efficiency
Improved anthocyanins, soluble 
phenolics, and membrane properties

Farooq et al. 
(2009)

Mung 
bean

Water and 
polyethylene 
glycol

6, 12 Earlier emergence and flowering as 
compared to unprimed
Rapid physiological maturity
Increased the grain pod−1 by 14%, 
grain weight by 3.5%, and grain yield 
by 12%

Khan et al. 
(2008)

Rice Selenium 24 Triggered germination rate and early 
seedling growth
Greater α-amylase activity; enhanced 
activities of enzymatic antioxidants, 
peroxidase, catalase, and glutathione 
peroxidase; and higher soluble sugars 
were observed as compared to 
unprimed
High chlorophyll content
Greater membrane stability, high 
starch metabolism, and increased 
activities of antioxidant

Khaliq et al. 
(2015)

(continued)
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4.1.2  Osmo-priming

The method of osmo-priming is patented by Heydecker et al. (1973). It is a widely 
used commercial technique in which seeds are hydrated to a controlled level to 
allow pregermination metabolic activities (Halmer 2004). During the process, seeds 
are exposed to a controlled level of imbibition because of excess water entry to seed 
resulting in reactive oxygen species (ROS) accumulation as well as oxidative dam-
age of cellular components such as proteins, lipid membranes, and nucleic acids. 
Osmo-priming through a delayed water entry to seed reduces the ROS accumulation 
and thus protects the cell from oxidative injury. Osmotica such as PEG [H-(O- 
CH2- CH2)n-OH], sugar, mannitol (C6H14O6), and sorbitol (C6H14O6) are added to the 
solution for lowering water uptake. In addition, different salts such as NaNO3, 
MgCl2, NaCl, and KNO3 are used for osmo-priming. Singh et  al. (2014) experi-
mented on osmo-priming using cowpea. They used KNO3 as priming solution with 
three levels of time durations (6, 8, and 10 h). Their results showed that in compari-
son to unprimed treatments, osmo-priming was proved superior in terms of all ger-
mination and growth parameters. Furthermore, osmo-priming with KNO3 showed 

Table 1 (continued)

Crop
Priming 
solutions

Priming 
duration 
(hours) Observations Studies

Fennel Salicylic acid Enhanced germination rate
Increased seed stamina index, 
seedling fresh and dry weight

Farahbakhsh 
(2012)

Rice Water and 
KH2PO4

24 Priming with both water and P 
significantly enhanced seed 
emergence and seedling growth
Better performance for plant 
parameters
Increased shoot biomass and root 
length
High P concentration in shoot due to 
priming with P solution

Pame et al. 
(2015)

Peanut ZnO 
nanoparticles

3 Increased seed germination rate
Improved stem and root growth
Increased pod yield per plant by 34%
Enhanced growth and crop yield

Prasad et al. 
(2012)

Wheat Silver 
nanoparticles

– Increased percent germination
Increased plumule and radicle length

Salehi and 
Tamaskani 
(2008)

Rice Calcium- 
phosphate 
nanoparticles

48 Improved seedling growth
Stimulate metabolites and enzymes 
related with antioxidative responses

Upadhyaya 
et al. (2017)

Rice SiO2 6 Nanoparticles showed no toxic effect 
on seedling growth
Improved root length, seedling dry 
weight, and root volume

Adhikari et al. 
(2013)
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greater results than hydro-priming for all tested parameters. Osmo-priming is tech-
nically and financially more feasible as compared to hydro-priming, because osmo- 
primed seed results in quicker germination with low cost and better water 
conservation, thus providing a promising alternative to the farmers (Moradi and 
Younesi 2009). Jett et al. (1996) stated that the controlled seed hydration in osmo- 
priming preserves plasma membrane and causes quicker germination. However, 
during solution selection for osmo-priming, the morphology of seed should be con-
sidered as the semipermeable outer layers in some seeds are highly sensitive that 
affect the efficacy of priming (Pill 1995). The semipermeability of this outer layer 
is due to the presence of amorphous tissue between seed coat and pericarp that 
inhibits solute exchange, thus controlling priming agent and water to enter to the 
seed (Zhou et al. 2013). The internal osmotic equilibrium and nutritional balance of 
the seed will be disturbed if the solution is not properly selected according to the 
permeability of the seed due to the penetration of ions released from priming solu-
tion (salts) (Bradford 1995).

4.1.3  Nutrient Priming

The saturation of seeds with a certain concentration of nutrients for a specific period 
before sowing is known as nutrient priming (Shivay et al. 2016). Priming of crop 
seeds with either micro- or macronutrients enhances the nutrient substances and 
augments the germination, sprout (seedling) development, and water uptake effi-
ciency. Micronutrient seed priming is a well-known technique to increase the osmo-
sis for water regulation in seeds during the germination period (Singh 2007). For 
instance, seed primed with sodium molybdate dihydrate (0.02% and 0.04%) for 5 h 
improved the yield of mung bean (Umair et al. 2011). Likewise, macronutrient seed 
priming is the most effective technique (Rakshit et al. 2013). For example, potas-
sium (K) is a mineral nutrient, and soaking of crop seeds with K increases the toler-
ance possibility of plant life against the different environmental stress conditions 
(Cakmak 2005). Grain yield of wheat and chickpea can be improved by priming 
with Zn solutions (Arif et al. 2007). Likewise, in moderately Zn-deficient soils such 
as alkaline soil, Zn priming is helpful to mimic Zn deficiency in plants (Harris et al. 
2008). It also improves crop appearance, growth, yield, and nutrient absorption 
(Shivay et al. 2016). Chickpea seeds primed in 0.05% solution of ZnSO4.7H2O (zinc 
sulfate heptahydrate) give a 19% high seeds production and have 29% more seed’s 
Zn as compared to that of nonprimed chickpea seeds (Harris et al. 2008). Besides, 
mineral nutrient priming increases plants’ tolerance to various environmental stress 
conditions (Marschner 1995). Ascorbic acid is also an essential vitamin nutrient and 
has been used for seed priming because it is an antioxidant in nature. Seeds primed 
with elevated concentrations of internal plant ascorbate retain the antioxidant capa-
bility of plants and protect them from oxidative stress damage (Zhou et al. 2009). 
Tavili et  al. (2009) reported that seed treatment with ascorbic acid increases the 
germination rate of Agropyron elongatum grown in salt stress conditions.
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4.1.4  Chemical Priming

Numerous chemicals are in use to soak a variety of crops seeds before germination. 
Natural and synthetic chemicals like choline, chitosan, putrescine, ethanol, 
paclobutrazol, ZnSO4, KH2PO4, CuSO4, and Se are used in seed priming to enhance 
growth and tolerance in crop plants (Jisha et al. 2013). Pretreatment of seeds with 
these chemicals increases crop plants growth, and plants attain resistance to various 
abiotic stresses. Priming of Salvia L. and Capsicum annuum L. seeds and other crop 
species with butenolide compound promotes seedling vitality and emergence 
(Demir et al. 2012). The improved seedling appearance, because of butenolide pre-
treatment, lessens the chance of plant pathogens’ attack. Similarly, presoaking rice 
seeds with (1% or 5%) ethanol solution results in more rapidly and consistent ger-
mination rate and high leaf numbers (Farooq et  al. 2006). Putrescine is another 
chemical compound that can be used for seed treatment. Soaking seeds of tobacco 
in this compound solution develop the cold stress tolerance at the stage of germina-
tion and seedling growth through the regulation of antioxidant system (Xu et al. 
2011). Also presoaking with a paclobutrazol compound developed salt stress toler-
ance for Catharanthus roseus because of antioxidant system regulation (Jaleel et al. 
2007). Shahrokhi et al. (2011) described that seed priming of turf grass with this 
compound in drought stress affects the plant physiology, though it is associated with 
the concentration of the paclobutrazol solution and the temperament of the cultivar. 
In addition, chitosan is a large-sized cationic polysaccharide molecule generally 
obtained during waste materials of seafood processing. Priming with chitosan 
increased disease resistance, the rate, and percentage of germination and the lipo-
lytic activity of lipase, GA3, and indole-3-acetic acid (IAA) quantity and as well 
enhanced the quality of seeds for crop plants (Shao et al. 2005). Wheat seeds pre-
treatment in chitosan solution stimulated resistance to several diseases of crops and 
improved seed quality (Reddy et al. 1999). Seeds layered with chitosan increased 
seed germination rate and tolerance in seedlings of hybrid rice during stress condi-
tion (Ruan and Xue 2002). Maize seeds when soaked in different acidic solutions of 
chitosan increased the vitality of seedlings (Shao et al. 2005). Furthermore, in cold 
stress conditions, it enhanced the maize seeds germination velocity and hence ben-
efited the seedlings growth (Guan et al. 2009).

4.1.5  Bio-priming

It is a seed-presoaking technique along with the inoculation of beneficial microor-
ganisms. It combines both the biological agent (microorganisms) and physiological 
soaking (seed hydration) phase. Callan and Coworkers first depicted the bio- priming 
in 1990 for the biological management of Pythium pre-emergence of sh2 sweet 
corn. Incorporated imbibitions with a biocontrol mediator at certain temperature 
enhance fortification. Additionally, seed priming along with the beneficial microor-
ganisms possibly will promote the maturity of the crop plants, mainly if the inocu-
lated microorganisms colonize the rhizosphere of the plant and maintain plant 
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physiology and plant growth for a longer period (Bennett and Whipps 2008). Since 
it is a biological approach to use both bacteria and fungi, competitors will also coun-
ter to both soil and seeds endured pathogens (Afzal et al. 2016). Callan et al. (1990) 
reported that bio-priming involves the varnishing of seeds by bacterial biocontrol 
negotiator like Pseudomonas aureofaciens Kluyver AB254 strain and hydrating at 
23 °C for 20 h in damped vermiculite or on damped germination blotters in self- 
sealing plastic bags. The leakage of seeds release during the period of bio-priming 
could provide nutrients and strength for inoculated biocontrol agents (Wright et al. 
2003). These flattering environments contribute to the migration and propagation of 
inoculated biocontrol mediators above the surface of the seed and assist water and 
nutrients uptake throughout the bio-priming period. Priming by a diverse group of 
beneficial microbes could not only augment the seed’s nature but also boost seed-
ling strength and capability to combat both biotic and abiotic stresses (Rakshit et al. 
2015). The microbes mostly designed for bio-priming of seeds belong to 
Pseudomonas spp., Enterobacter spp., Trichoderma spp., and Bacillus spp. (Raj 
et al. 2004). For vegetable seeds, adequate bio-priming remedies were accomplished 
with Trichoderma harzianum strain, followed by Trichoderma pseudokoningii, 
Bacillus spp., Gliocladium spp., and Pseudomonas fluorescens (Ilyas 2006). 
Recently, bio-priming used as a substitute to control several soil- and seed-borne 
pathogens. For instance, mutual response of both Trichoderma harzianum and 
Pseudomonas fluorescens, when applied on pepper seeds as bio-priming agent, 
results in a significant growth of seedlings (Kumar et al. 2010; Reddy 2012). Various 
rhizobacterial inoculants are used as priming agents to control pathogenic fungal 
strains and to enhance crop yield. Most of the rhizospheric bacterial strains boost 
plant growth and physiology and thus are called plant growth-promoting rhizobac-
teria (PGPR) (Tonelli et al. 2011). Within the roots of tomato and rice plants, mycor-
rhizal fungi activate the aggregation of several transcripts and proteins that also 
predicts function in the plant defense mechanism (Pozo and Azcon-Aguilar 2007).

4.1.6  Priming with Plant Growth Regulators (PGR)

Seed treatment with plant growth regulators (PGR) is known to mitigate the harmful 
effects of several environmental stresses (Bahrani and Pourreza 2012; Jisha et al. 
2013). Mendoza et al. (2002) reported that priming pepper seeds in salicylic acid 
protected the seedlings from adverse effects of a chill. Bell pepper primed with GA3 
(200 ppm) showed a higher rate of several physiological parameters including ger-
mination, shoot root length, and seedling vigor indices as compared to the control 
(Yogananda et  al. 2004). In this context, indole-3-acetic acid (IAA), one of the 
prime auxins in plants, regulated cell division, enhanced photosynthetic activities, 
and activated the translocation of carbohydrates that enhance root initiation, flower-
ing, and fruit setting and ripening (MacDonald 1997; Awan et al. 1999; Naeem et al. 
2004). Similarly, gibberellins having antagonistic effects with abscisic acid (ABA) 
regulate seed germination and plant growth. Abu-Muriefah (2017) stated that the 
improved seed germination due to GA3 priming might be due to its effect on stored 
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food within seeds. He further described that GA3 is known to stimulate the synthesis 
and production of the hydrolases resulting in the germination of seeds. Certain 
hydrolase enzymes are involved in seed germination process that makes the endo-
sperm accessible to the embryo. In addition, cytokinins, ethylene, abscisic acid, and 
salicylic acid are some of the other plant growth promoter hormones that promote 
growth and regulate plant responses under various stress conditions. Similarly, cer-
tain new compounds such as KNO3 (3%), KH2PO4 (2%), and PEG solutions (10%) 
are now being used as priming agents showing enhanced germination as compared 
to nonprimed seeds (Korkmaz and Korkmaz 2009; Ozbay and Susluoglu 2016).

4.1.7  Priming with Plant Extract

Allelochemicals such as phenolic compounds, terpenoids, flavonoids, saponins, 
alkaloids, and steroids may inhibit or stimulate plant growth (Narwal 1994). Saponins 
can enhance nutrient absorption as they are readily soluble in water. Alkaloids, sapo-
nins, and phenolic compounds present in the leaves of various plants are involved in 
the production of antioxidant activities and protect the plants against pathogens 
(Satish et al. 2007). Embryo and other associated structures are generally assumed to 
be activated by certain physiologically active substances that result in more water 
absorption and eventually in higher vigor index due to the development of an effi-
cient roots system (Rangaswamy et al. 1993). Some plants are rich in saponin and 
alkaloids such as Chlorophytum leaves, while others are rich in terpenoids, steroids, 
flavonoids, and antiquinone such as neem leaves (Raphael 2012; Chakraborthy et al. 
2014). Dawood et al. (2012) reported that amalgamation of fenugreek seeds (10%) 
or guava leaves or lantana leaves (20%) into the soil significantly enhanced carbohy-
drates and photosynthetic pigments of leaf tissues in sunflower. Similarly, the reduc-
tion in mortality and high seedling vigor in tomato was reported by priming tomato 
seeds with Azadirachta, Chlorophytum, and Vinca (Prabha et al. 2016).

4.2  Advanced Methods of Seed Priming

4.2.1  Seed Priming Through Nanoparticles

Nanotechnology utilizes nanoparticles less than 100 nm in size, and it has a promis-
ing role in transforming food production and agriculture (Fraceto et al. 2016). The 
excessive use of chemical fertilizers can be reduced by utilizing nanomaterials in 
agriculture (Upadhyaya et al. 2017). In this context, priming seeds with nanoparti-
cles has been reported to enhance seed germination and vigor in many crops. Ghafari 
and Razmjoo (2013) reported that seed priming with calcium-phosphate, SiO2, ZnO, 
and Ag nanoparticles enhanced germination and seedling development. The mecha-
nism behind high seed germination in nano-priming is the greater penetration via 
seed coat that improves nutrient and water uptake efficiency of the seed (Dutta 2018).
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4.2.2  Seed Priming Through Physical Agents

The magnetic field, UV radiation, gamma radiation, X-rays, and microwaves are 
some of the physical agents that are used for seed priming (Bilalis et al. 2012). 
Priming with magnetic field has been reported to improve germination rate, vigor, 
and seedling biomass as well as tolerance to various environmental stresses. The 
tolerances to different stresses and improved germination rate have been attributed 
to a reduction in reactive oxygen species (ROS) with increasing activities of anti-
oxidant enzymes (Bhardwaj et al. 2012; Araujo et al. 2016). However, the effects 
of ionizing radiation such as gamma (γ) rays are dose and intensity dependent. 
These rays interact with cellular components directly and are reported to improve 
the germination at lower doses (less than 10 Gy). Certain changes in hormonal 
network of plant cells take place that in turn trigger the antioxidative capacity and 
lead to early dormancy breaking and improved germination (Qi et al. 2015). The 
application of mechanical waves (ultrasound) is another physical method of prim-
ing having a frequency in the range of 20–100  kHz. In ultrasound priming, 
mechanical pressure is imposed on seed coat that increases the seed’s porosity 
known as acoustic cavitation and activation of enzymatic and other biological 
reactions due to greater water uptake in the seed. Thus, in ultrasonic priming, mass 
transfer of the absorbed water is enhanced that allows it to react freely with the cell 
embryo. 

5  Factors Affecting Seed Priming

Seed priming is highly affected by various biotic and abiotic factors such as aera-
tion, temperature, time, and seed quality. Among these, aeration is the most impor-
tant and effective factor affecting seed respiration, seed viability, and seed 
emergence/germination (Bujalski and Nienow 1991; Heydecker et  al. 1973). 
Heydecker and Coolbear (1977) and Bujalski et al. (1989) reported the impact of 
aeration in seed priming by observing enhanced germination percentage in aerated 
PEG solution treatment as compared to nonaerated. Similarly, the temperature is 
another important factor influencing the germination of seeds. Basra et al. (2005) 
reported that optimum temperature ranges from 15 to 30 °C for most of the seed 
germination. On the other hand, McDonald (2000) reported slow germination at a 
lower priming temperature. Wahid et al. (2008) documented a range of 15–20 °C for 
seed priming, and the duration of priming may extend from almost 8 h to 14 days 
based on plant species, osmotic solution, osmotic potential, and temperature (Finch- 
Savage et al. 1991). Seed quality is another important factor in seed germination, 
and a viable and vigorous seed is the first most necessary for seed priming (Cantliffe 
1987). Other seed characteristics also play a role in seed priming and germination 
process. For instance, Patanè et al. (2008) reported osmo-priming with PEG solu-
tion unsuitable for sorghum seeds priming. Sorghum is rich in tannin that could be 
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removed with the solution during treatment and hence leads to lower seed germina-
tion. In this regard, Passam et al. (1989) stated that the salt solution is effective as 
compared to mannitol and PEG solutions. Similarly, O’Sullivan and Bouw (1984) 
reported KNO3 and K3PO4 as an effective priming solution in pepper seeds as com-
pared to PEG.

6  Seed Priming: Physiological Basis and Plant Response

6.1  Occurrence of Seed Germination and Seedling Growth

In vegetable crops, high yield and growth are primarily associated with seedling 
health and early emergence which induces a potential to cope with various biotic 
and abiotic stresses. These all result in high yield and quality crops (Cantliffe 2003). 
Seed priming is one of the primitive techniques used to enhance early seed emer-
gence and initiates several processes involved in seed germination (Asgedom and 
Becker 2001). Therefore, seed priming boosts the imbibition and metabolic pro-
cesses resulting in enhanced seed germination, germination uniformity, and seed-
ling growth and development in both normal and stress conditions (Ansari et  al. 
2012; Dey et al. 2014; Nayban et al. 2017). Several studies have reported that seed 
priming can enhance early seed emergence and growth in stress conditions as com-
pared to untreated seeds (Bradford 1986; Chen et al. 2012). Yogananda et al. (2004) 
observed the increased physiological response of bell pepper treated with GA3 and 
KNO3 solution. Similarly, Yadav et al. (2011) also reported cold and salt stress toler-
ance in primed seeds of pepper with 100% survival. In another study, Ahmadvand 
et al. (2012) evaluated the effect of KNO3-primed seeds of soybean in various culti-
vars and reported a significant increase in germination and seed emergence fol-
lowed by increased physiological parameters like fresh weight, dry weight, root 
length, and shoot length.

6.2  Crop Nutrition and Yield

Crop nutrient deficiency known as hidden hunger is a global dilemma resulting in 
low yields and poor-quality products (Dey et al. 2014). Seed priming is an approach 
to provide nutrients to the seed emergence and activate various biochemical pro-
cesses necessary for seed germination. This not only provides the nutrients to estab-
lish seedling growth and emergence but also helps in enrichment of grain nutrient 
status (Singh et al. 2015a, b) and has been proved an economical method of nutri-
ents application as compared to soil application and has been found economical as 
compared to soil application (Slaton et al. 2001). Ajouri et al. (2004) reported Zn as 
an effective priming agent in barley (Hordeum vulgare L.). Another study was done 
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to assess the Zn content of early grown radicles and coleoptiles and was found much 
higher up to 200 mg kg−1. The study concluded that Zn might be involved in various 
processes during early seed development (Cakmak 2005). Additionally, higher con-
tents of Zn may enhance seed resistance to soil-borne diseases and ensure crop 
growth and development (Marschner 1995). Several studies by Khan et al. (2008), 
Bhowmick et al. (2010), Umair et al. (2013), and Bhowmick (2013) have reported 
seed priming as a suitable strategy for increased crop yields. Harris (2006) reported 
that increased crop yield might be attributed to crop density and individual crop 
performance. Srivastava and Bose (2012) studied the effect of (Mg(NO3)2 and 
KNO3) salts as a priming agent for rice crop and reported increased physiological 
response to primed seeds as compared to untreated. Similarly, Arif et al. (2008) also 
studied the effect of priming seeds in soybean and reported priming increased seed 
emergence and establishment and attributed all this to the early metabolic activities 
as it activates radical protrusion. However, they reported that extended priming 
duration might decrease crop yield and 6 h was found as a suitable duration for 
soybean seed priming.

6.3  Seed Priming for Stress Management

Field crops are subject to various types of biotic and abiotic stress like herbivores, 
pathogens attack as well as cold, heat, heavy metal, nutrient deficiency, salinity, 
and drought (Fedoroff et al. 2010). Among these stresses, salinity, drought, and 
temperature cause low growth and development (Jaleel et al. 2007; Thakur et al. 
2010). These types of stress induce ROS production in a plant cell that results in 
cell injury and ultimately plants failure. In order to combat these ROS, plants have 
a self- defense mechanism that eliminates ROS species and protects plant cells 
from damage (Baxter et al. 2013). The intensity of stress injury depends upon vari-
ous stress-related factors like stress tolerance, timing, and intensity (Niinemets 
2009). Seed priming is considered one of the most promising techniques to enhance 
seed resistance to all these biotic and abiotic stresses (Van Hulten et  al. 2006). 
Uchida et al. (2002) reported the importance of compounds used in seed priming 
technique as they alleviate the deteriorating effects of both biotic and abiotic 
stresses concerning plant growth. Kibinza et al. (2011) explained that germination 
percentages were improved by priming that was due to the considerable drop in 
H2O2 accumulation. Catalase activity was restored by priming that protects the 
stressed seeds from reactive oxygen species. Furthermore, Kester et  al. (1997) 
reported that protein content in various plant tissues might be increased by seed 
priming via improved performance of protein synthesis system and increased pro-
duction of L-isoaspartyl methyltransferase enzyme that plays an important role in 
repairing plant tissue proteins. Priming also enhances seed germination by enhanc-
ing the activities of protease and amylase that hydrolyze protein and starch into 
simple forms to make them available for the embryo (Miransari and Smith 2014). 
Sajedi et al. (2011) stated that ROS produced under PbCl2 stress may be reduced 
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by hormonal priming. Similarly, in another study, Pereira et  al. (2009) showed 
improved seedling emergence by osmo- priming on carrot seed germination under 
extreme temperature conditions and water stress.

7  Assessment of Priming Effects on Plant Growth 
and Development

7.1  Seed Priming Using Compost Extract for Improving 
Germination Parameters

Compost tea, a liquid extract, is obtained when compost is steeped in water for a 
period with the aim of transferring soluble organic matters (OM), beneficial 
microbes, and nutrients into the solution (Mohd Din et al. 2017). The application of 
this microbial- and nutrient-rich tea is known for stimulating the plant’s growth and 
soil fertility (Ahmad et al. 2017). Compost tea is prepared aerobically (aerated tea) 
or anaerobically (nonaerated tea); however, little evidence exists as regards which 
method either aerated or nonaerated is more beneficial for agricultural purposes 
(Amos 2017). There have been numerous studies for evaluating the potential of 
compost tea in suppressing the plant diseases (Mengesha et  al. 2017). However, 
there are limited studies on the effect of compost tea on crop growth and develop-
ment (Kim et al. 2015). Therefore, an assessment that was carried out aims to exam-
ine the stimulatory and inhibitory effects of compost teas on seed germination and 
seedling growth through a novel method of seed priming in compost tea, since no 
previous study has been conducted.

7.2  Preparation and Characteristics of Compost Tea

The compost used for compost teas production was prepared from food waste using 
an in-vessel compost bioreactor (Waqas et al. 2017). Two different types of compost 
teas, i.e., aerated and nonaerated, were prepared by mixing compost and water at 
1:10 ratio (i.e., 1 kg dry compost in 10 L distilled water). The mixture was steeped 
at 25 °C for 72 h. A standard brewing method was used for steeping and extraction 
period during which the compost was in contact with water (Scheuerell and 
Mahaffee 2006). The aeration, in aerated compost tea, was maintained on a continu-
ous basis by stirring the solution through a mechanical agitator with 80 revolutions 
per minute (RPM) throughout the extraction period of 72 h. The schematic diagram 
of the bioreactor used for making the aerated compost tea is shown in Fig.  2. 
Nonaerated compost tea was prepared by using a standard method of bucket fer-
mentation (Diver 2002). This approach is referred to as the European-style or 
European method for compost tea preparation and dates back to hundreds of years 
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(Brinton et al. 2004). During this process, the mixture was initially stirred and then 
left undisturbed at 25 °C for 3 days (Weltzien 1991). After the designated steeping 
time, the compost extracts were filtered through a muslin cloth. Different physio-
chemical characteristics of the compost tea were determined by following the stan-
dard methods of analysis, and the results are presented in Table 2. For experimentation, 
the compost tea was diluted using distilled water. The dilution concentrations were 
0% (100% extract), 25% (75% extract, 25% water), 50% (50% extract, 50% water), 
75% (25% extract, 75% water), and 100% (100% water). The 100% compost tea 
diluted solution was used as a control treatment for comparing the concentration 
effects of both compost teas.

7.3  Seed Priming and Experimental Setup

Seed priming in the compost tea was introduced by soaking the mung bean seeds in 
compost tea for a definite period of time. Seeds’ surfaces were disinfected to avoid 
any bacterial or fungal contamination by imbibing them in a mixture of ethanol and 

Fig. 2 Schematic diagram of reactor used for producing aerated tea
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distilled water (70:30 v/v) for 5 min and subsequently rinsing them with distilled 
water. Ten seeds of mung bean were then primed/soaked over dampened filter paper 
to assess the compost tea phytotoxicity. 20 ml of a diluted solution of each compost 
tea was used as a priming solution in 15 cm petri dish (Fisher brand, Fisher Scientific, 
Waltham MA). The petri dishes were incubated for 24 h at 25 °C in the dark and 
were then covered with a plastic wrapping to avoid any water loss during the prim-
ing (Mavi 2014). After priming, the seeds were washed with distilled (for consis-
tency reasons) water and dried back to about 14% grain moisture at 36 °C in drying 
oven (Pame et al. 2015). A factorial experiment in a totally randomized design was 
used to investigate the effects of compost tea aeration methods (aerated vs. nonaer-
ated) and priming treatments (primed vs. unprimed) on a lot of ten mung bean seeds 
at five different dilution concentrations of 0%, 25%, 50%, 75%, and 100%. The tea 
dilution at 100% solution was referred to control treatment as it contained 0% com-
post tea and 100% distilled water. Three replicates were used for each treatment 
combination. Ten seeds of mung bean were homogenously distributed on two layers 
of sterile Whatman™ filter paper in each petri dish. For unprimed seeds, 5 ml of 
each diluted solution of compost tea was applied to moisten the filter paper, whereas 
the petri dishes containing primed seed in compost tea were applied with only dis-
tilled water when required. The petri dishes were monitored daily, and an equal 
amount of tea solutions/distilled water was supplied when necessary to keep the 
moisture of seeds or seedlings at adequate levels. Petri dishes were incubated in a 
growth chamber at 27 °C for 14 days. During experimentation, different germina-
tion and growth parameters were determined through standard formulas, and the 

Table 2 Characteristics of 
compost and compost tea 
through aerated and 
nonaerated fermentation

Parameters Compost

pH 8.02
Electrical conductivity (EC) (mS cm−1) 3.36
Moisture content (MC) (%) 39.31
Organic matter (OM) (%) 56.81
Ash content (%) 43.13
Carbon (%) 31.61
NH4-N (mg kg−1) 168.32
NO3-N (mg kg−1) 117.91
Nitrification index (NI) 1.42

Compost tea
pH 8.94
EC (mS cm−1) 4.48
Ca (mg L−1) 17.97
K (mg L−1) 52.33
Mg (mg L−1) 19.41
Na (mg L−1) 173.13
Fe (mg L−1) 5.31
Zn (mg L−1) 0.14
Total Kjeldahl Nitrogen (TKN) (%) 0.47
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obtained data were subjected to analysis of variance (ANOVA) and least significant 
difference (LSD) test at 5% probability level (Steel et al. 1997).

7.4  Effects on Germination Parameters

7.4.1  Germination Rate and Germination Index (GI)

The ANOVA results indicated that compost teas’ dilution and seed priming with 
compost tea significantly affected (state the level of significance, e.g., α = 0.05) the 
seed germination and germination index. No significant differences on seed germi-
nation rate and germination index were observed for the aeration system, i.e., aer-
ated and nonaerated teas exert the same effect on germination. The germination rate 
of the seeds exposed to aerated compost tea was equal to 86.3%, like nonaerated tea 
(86%). Among priming effects, the highest stimulation in germination rate was 
recorded for primed seeds, resulting in 91.6% germination, whereas that of unprimed 
seeds was recorded at 80.6% (Table 3). Similarly, among the tea dilution concentra-
tions, the highest germination rate (94.2%) was observed in dilution of tea to 50%. 
However, a drastic reduction in germination rate was observed with increasing the 
tea concentration, and it was noticed that at 0% dilution (100% tea concentration), 
the lowest germination rate of 72.5% was observed (Table 3). Similarly, the two-
way interaction between the aeration system with priming and dilution and the 
three-way combined interaction of aeration, dilution, and priming showed a nonsig-
nificant effect on germination rate.

Similarly, the results showed that the maximum GI of 4.5 was estimated for 
primed seed, whereas the lowest GI of 2.5 was recorded for unprimed seed (Table 3). 
It was observed that priming had an advantageous effect in terms of seed germina-

Table 3 Effect of aeration, dilution, and priming on the germination and growth parameters of 
mung bean

Compost tea G% GI MGT SVI Root length Shoot length

Aeration Aerated 86.3 a 3.6 a 6.1 a 221.7 a 2.4 a 5.6 a
Nonaerated 86 a 3.4 a 5.9 a 135.3 b 1.5 b 5.2 a

Priming Primed 91.6 a 4.5 a 4.8 b 234.1 a 2.5 a 7.1 a
Unprimed 80.6 b 2.5 b 7.1 a 122.9 b 1.5 b 3.8 b

Dilution 0% 72.5 c 2.8 c 6.3 ab 73.2 c 0.9 c 3.3 c
25% 84.2 b 3.3 b 6.2 ab 158.9 b 1.8 b 4.9 b
50% 94.2 a 3.8 a 5.6 bc 241 a 2.5 a 4.7 b
75% 88.3 ab 3.8 a 5.3 c 243.4 a 2.7 a 7.2 a
Control 91.6 ab 3.6 ab 6.5 a 176.1 b 1.9 b 6.7 a

Means of the same category followed by different letters are significantly different at P ≤ 0.05 
level using LSD test
G% germination percentage, GI germination index, MGT mean germination time, SVI seed vigor 
index
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tion parameters. Similarly, the mean data for tea dilution showed that the maximum 
GI of 3.8 in relation to control treatment was recorded at a dilution of tea to 50%, 
which was similar to 75% diluted solution with GI of 3.8 (Table 3). Moreover, like 
germination rate, reduction in values of GI was also observed in the low diluted 
solutions of compost tea. The results showed that the minimum GI values of 2.8 and 
3.3 were recorded at 0 and 25% diluted solutions, respectively (Table 3). In addition, 
the ANOVA results showed significant effects of the interaction of aeration with 
dilution ratios. The interaction data revealed that the maximum GI value of 4 was 
recorded in aerated tea at 50% dilution followed by dilution of tea to 75% with GI 
of 3.9 in the same tea (Table 4). Similarly, for nonaerated compost tea, the values for 
same tea diluted concentration (50 and 75%) were observed to be lower than aerated 
tea. For nonaerated compost tea, the results showed that the maximum GI value of 
3.9 had been recorded for control treatment followed by 75% and 50% dilution with 
the GI of 3.8 and 3.6, respectively. However, for both aerated and nonaerated teas, 
the lowest value for GI was observed for dilution of teas to 25% and 0% (Table 4).

7.4.2  Mean Germination Time (MGT) and Seed Vigor Index (SVI)

MGT showed the rapidity of germination; hence, the lower the value of MGT, the 
earlier is the germination. The ANOVA results showed highly significant variation 
for MGT in dilution and priming of compost tea. The mean data in Table 3 revealed 
that the rapid germination was recorded for primed seeds with least MGT value of 
4.8, whereas the higher MGT value of 7.1 for unprimed depicts the delayed seed 
germination. For dilution of tea, the lowest MGT value of 5.3 was noticed at 75% 
tea dilution. However, this value for MGT was statistically near to dilution of tea to 
50% (5.6). Similarly, the maximum MGT value of 6.5 was computed for control 
treatment that showed low rapidity of seed germination. For aeration, the value for 
MGT in aerated tea was 6.1, which was statistically similar to the MGT value of 5.9 

Table 4 Interaction of aeration and dilution toward GI, SVI, and seedling growth of mung bean

Aeration Dilution GI SVI Root length Shoot length

Aerated 0% 3.1 e 80 cd 1.05 de 3.5 d
25% 3.5 bcde 192 b 2.2 b 5.6 bc
50% 4 a 336 a 3.4 a 5.6 bc
75% 3.9 ab 320.7 a 3.6 a 7.7 a
Control 3.4 cde 179.8 b 2.1 bc 6.8 ab

Nonaerated 0% 2.5 f 66.3 d 0.9 e 3.1 d
25% 3.2 de 125.8 bcd 1.4 cde 4.2 cd
50% 3.6 abcd 146 bc 1.6 bcd 3.9 d
75% 3.8 abc 166.2 b 1.9 bc 7.1 ab
Control 3.9 ab 172.3 b 1.8 bc 6.6 ab

Means of the same category followed by different letters are significantly different at P ≤ 0.05 
level using LSD test
GI germination index, SVI seed vigor index
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for nonaerated tea (Table 3). This nonsignificant difference showed that the aeration 
system did not affect MGT of the tested seeds. The overall results revealed that 
priming reduced the MGT by 31.2% in comparison with unpriming. Similarly, com-
pared to control, the solution containing 25% and 50% compost tea reduced the 
MGT by 18.4 and 12.9%, respectively.

SVI expressed the level of seed performance and activity during the germination 
and seedling emergence. It was found that SVI was significantly affected by aeration, 
tea dilution, and priming. Moreover, the results indicated that the two-way interac-
tion between aeration with dilution and priming also had significant effects toward 
SVI. The results showed that among the aeration systems, the utmost SVI of 221.7 
was recorded for aerated tea, leaving behind nonaerated tea with the value of 135.3 
(Table 3). Similarly, among the priming effects, the highest values were recorded for 
primed seed that was 234.1 whereas the least values (122.9) were estimated for 
unprimed seeds. In addition, compost tea dilution showed high variation toward 
SVI. The highest SVI (243.4) was observed for dilution of tea to 75% that was statis-
tically like 50% diluted tea (241), whereas the least SVI (73.2) was recorded for 
dilution of tea to 0% (Table 3). Furthermore, the mean data for the two- way interac-
tion of aeration with dilution showed that the maximum SVI (336) was observed for 
aerated tea diluted at 50% (Table 4). This value was found statistically similar to 75% 
tea dilution with the SVI value of 320.7. Similarly, the lowest SVI of 66.3 was 
recorded at 0% tea dilution in nonaerated (Table 4). Furthermore, the mean data for 
the interaction of priming with dilution showed that the utmost values for SVI (353.5) 
were observed for primed seeds with a dilution of tea to 50% followed by 25 and 
75% diluted tea solutions with SVI values of 272 and 270.3, respectively (Table 5), 
whereas the minimum SVI (28.2 and 45.8) was noticed for dilution of tea to 0 and 
25% in unprimed seeds, respectively (Table 5). The combined interaction of aeration, 
dilution, and priming showed that highest SVI (526.7) was noticed in primed seeds 
with the dilution of aerated compost tea to 50%. Similarly, the second highest peak 
value of 370.7 for SVI also observed for primed seed with aerated tea at tea dilution 

Table 5 Interaction of priming and dilution toward SVI and seedling growth of mung bean

Priming Dilution SVI Root length Shoot length

Primed 0% 118.2 d 1.5 e 6 c
25% 272 b 2.9 ab 8.6 a
50% 353.5 a 3.6 a 7.7 ab
75% 270.3 b 2.8 bc 7.7 ab
Control 156.7 cd 1.6 de 5.4 c

Unprimed 0% 28.2 e 0.4 f 0.6 d
25% 45.8 e 0.6 f 1.3 d
50% 128.5 d 1.4 e 1.8 d
75% 216.5 bc 2.7 bc 6.2 bc
Control 195.5 c 2.3 cd 9.1 a

Means of the same category followed by different letters are significantly different at P ≤ 0.05 
level using LSD test
SVI seed vigor index
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to 75%. Conversely, the lowest SVI (25.7 and 30.7) was noticed for unprimed seeds 
at 0% tea dilution in both the aerated and nonaerated teas, respectively (Fig. 3).

7.4.3  Effects on Root and Shoot Length

The tea dilution and priming and their combined interaction affected significantly 
(a = 0.05) mung bean root and shoot length. However, the effect of aeration on the 
shoot length was observed nonsignificant. The results showed that the maximum 
mean root length (2.4 cm) was recorded for aerated tea. Similarly, the mean data for 
priming depict that the utmost root (2.5 cm) and shoot length (7.1 cm) were observed 
for primed seed, whereas for unprimed seed, the observed root and shoot length 
were 1.5 and 3.8 cm, respectively (Table 3). In addition, the mean data for compost 
tea dilution showed that the maximum root length (2.7 and 2.5 cm) was observed for 
dilution of teas to 75 and 50%, whereas the highest shoot length (7.2  cm) was 
noticed for dilution of tea to 75%. Correspondingly, the minimum root (0.9 cm) and 
shoot length (3.3 cm) was estimated for dilution of tea to 0% (Table 3). The interac-
tion of aeration with dilution showed that among the aerated and nonaerated com-
post teas, the highest root length (3.6 cm) was recorded for tea dilution to 75% that 
was statistically similar to dilution of tea to 50% (3.4 cm) (Table 4). Similarly, the 
highest shoot length (7.7 cm) was recorded in aerated compost tea at 75% dilution, 
whereas the least values for root and shoot length (0.9 and 3.1 cm) were observed in 
nonaerated compost tea at 0% dilution followed by 25% dilution of the same tea 
(Table  4). As the ANOVA results also showed significant differences among the 
interaction between priming and tea dilution, the utmost root length (3.6 cm) was 
observed for primed seed in compost tea at 50% dilution, whereas for shoot length, 
the maximum value (8.6 cm) was recorded at 25% dilution. The bare minimum root 
and shoot length (0.4 and 0.6 cm) were calculated for unprimed seeds treated with 
compost tea at 0% dilution followed with 25% dilution in the same tea (Table 5). 

Fig. 3 Interaction of aeration, dilution, and priming on seed vigor index of mung bean. Vertical 
bars represent ± standard error of the mean
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The combined interaction of aeration, tea dilution, and priming revealed that the 
maximum seedling root length (5.3  cm) was recorded for primed seed at 50% 
diluted solution of the aerated tea (Fig. 4). Similarly, the highest shoot length of 10 
and 9.2 cm was recorded for seeds primed with dilution of aerated tea to 25 and 
50%, respectively (Fig. 5), whereas the maximum inhibition in root and shoot length 
was resulted by 100% tea concentration (0% dilution). The recorded root and shoot 
length at the respective 0% dilution were 0.4 and 0.73 cm in aerated and 0.5 and 
0.6 cm in nonaerated compost tea (Figs. 4 and 5).

Fig. 4 Interaction of aeration, dilution, and priming on root length of mung bean. Vertical bars 
represent ± standard error of the mean

Fig. 5 Interaction of aeration, dilution, and priming on shoot length of mung bean. Vertical bars 
represent ± standard error of the mean
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8  Limitations and Perspective in Seed Priming Technology

Seed priming has been developed as a promising technology for superficial crop 
stand in a variety of environmental conditions. However, many protocols such as 
seed desiccation (redrying) after priming may affect different physiochemical pro-
cess which reduces seed longevity and viability (Heydecker and Gibbins 1977; 
Halmer 2004). Other conditions for posttreatment such as storage temperature, air 
composition, and moisture also negatively affect seed viability (Schwember 
and Bradford 2005). Similarly, the prolonged seed treatment during priming may 
also cause loss of seed tolerance to desiccation (Sliwinska and Jendrzejczak 2002). 
Priming itself in certain circumstances may also cause different problems. For 
instance, all priming protocols may not lead to significant germination and growth 
where inappropriate priming conditions may cause degradation of the protective 
proteins (Capron et al. 2000). Hence, it is critical to select specific priming protocol 
for different plants about germination and growth in different environmental condi-
tions. Thus, for filling the gap and successful application of priming technology, 
detailed studies focusing on treatment technologies, gene expressions, and molecu-
lar mechanisms need to be fully explored (Araujo et al. 2016). Correspondingly, the 
advanced methods of seed priming such as priming with nanoparticles may also 
have deleterious effects on environment, plant, and human health. In this regard, 
solid studies need to be performed for resolving the impact of nanomaterials when 
enter the food chain by using them in agriculture. Extensive researches are still 
required for each priming technology in terms of optimal dose, exposure time, and 
dose rate that could affect plant growth and development.

9  Conclusions

Seed priming is the physiological process of controlled seed hydration to enhance 
sufficient pregerminative metabolic process, efficient nutrient uptake and water use 
efficiency, breaking dormancy, timely maturity, and crop yield. During imbibition, 
the water uptake promotes protein synthesis and respiratory activities by using 
extant messenger ribonucleic acid (mRNA) with the initiation of different physio-
logical activities related to germination. This technology has been found to be the 
most feasible and economical for uniform seed emergence in most of the field crops. 
There are many well-developed seed-priming techniques such as hydro-priming, 
osmo-priming, nutrient priming, chemical priming, bio-priming, priming with plant 
growth regulators, priming with plant extracts, seed priming through nanoparticles, 
and priming through physical agents. However, priming technology still has several 
limitations. The prolonged seed treatment during priming may cause loss of seed 
tolerance to desiccation that reduces seed viability. Similarly, all priming protocols 
may not lead to significant germination and growth where inappropriate priming 
conditions may cause degradation in the protective proteins. Hence, extensive 
researches are required in selecting specific priming protocol for different plants 
regarding germination and growth under various environmental conditions.
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Abstract Seed priming is a low-cost and effective strategy to enhance seed germi-
nation, vigor index, and yield in many field crops mainly under adverse environ-
mental conditions. Seed priming is known to trigger the normal metabolic 
developments during early stage of germination, before the radicle protrusion. 
Higher, faster, and synchronized germination of primed seeds largely occurs due to 
enzyme activation, reduced imbibition time, metabolic reparation during imbibi-
tion, buildup of germination-promoting metabolites, and osmotic adjustment. 
Moreover, plants emerging from primed seeds exhibit faster activation of cellular 
defense systems, which trigger tolerance against consequent exposure to environ-
mental stresses in the field. Several seed priming approaches including  hydropriming, 
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nutrient priming, hormonal priming, chemical priming, osmopriming, and redox 
priming can be effectively used under different environmental conditions. The pres-
ent chapter provides an overview of the physiological, biochemical, and molecular 
changes modulated by seed priming, which enhance seed germination and plant 
growth. Moreover, it discusses the possible mechanisms associated with seed prim-
ing-induced abiotic stress tolerance in plants.

Keywords Abiotic stresses · Antioxidants · Seed priming · Osmotic adjustment · 
Physiological and molecular mechanisms

Abbreviations

AQP Aquaporin
AsA Ascorbic acid
ATP Adenosine triphosphate
BER Base excision repair
CAT Catalase
DEPs Differentially expressed proteins
DHN Dehydrins
GA Gibberellin
GR Glutathione reductase
H2O2 Hydrogen peroxide
HR Homologous recombination
LEA Late embryogenesis abundant
MT Metallothionein
NaCl Sodium chloride
NER Nucleotide excision repair
OA Osmotic adjustment
OP Osmotic potential
PAs Polyamines
PEG Polyethylene glycol
POD Peroxidases
Pro Proline
ROS Reactive oxygen species
RWC Relative water contents
SOD Superoxide dismutase
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1  Introduction

Changes in climatic patterns have triggered the occurrence of biotic and abiotic 
stresses. These stresses are generally interrelated and cause undesirable morpho-
logical, biochemical, physiological, and molecular changes that affect the plant 
growth and development and ultimately the seed yield (Hussain et al. 2018a). Seed 
priming is an effective strategy to impart the abiotic stress tolerance besides 
strengthening the defense line of crop plants. In seed priming, presowing treatments 
are applied that control the hydration level within seed and allow pregerminative 
metabolic processes (physiochemical) to proceed while preventing radical emer-
gence (Hussain et  al. 2015; Lutts et  al. 2016; Zheng et  al. 2016; Hussain et  al. 
2018a). This phenomenon is described by an enhanced activation of plant defense 
mechanisms (Anderson et al. 2017). Stimuli from abiotic cues can prompt the prim-
ing establishment by acting as warning signals (Mauch-Mani et  al. 2017). Upon 
stimulus perception, changes generally occur in the plant at the physiological, bio-
chemical as well as at molecular levels.

Seed priming promotes the germination-related functions and enhances germi-
nation rate, vigor index, root length, photosynthetic efficacy, biomass production, 
and many other growth attributes in plants (Hussain et al. 2016a). Moreover, seed 
priming improves the plant biochemical status by induction and de novo synthesis 
of hydrolyses activity (e.g., α-amylase) and soluble sugar levels during germination 
process while nitrate reductase (NR) activity and N content in the growing seedlings 
under normal condition with respect to untreated seeds (Sharma and Bose 2006; 
Anaytullah and Bose 2007). Further, the definite role of priming in enhancing ger-
mination and growth of different crop plants under different abiotic stresses has 
been well established (Kaya et al. 2006; Zhang et al. 2006; Zhuo et al. 2009; Jisha 
et al. 2013; Paparella et al. 2015; Wang et al. 2016; Zheng et al. 2016; Hussain et al. 
2018a, b). Seedlings emerged from primed seeds showed better antioxidative 
defense system owing to enhanced activities/levels of glutathione reductase (GR), 
catalase (CAT), peroxidases (POD), superoxide dismutase (SOD), and ascorbic acid 
(AsA), and regulation of stress protein like aquaporins (AQP), dehydrins (DHN), 
and late embryogenesis abundant (LEA) proteins (Wechsberg et al. 1994; Fashui 
2002; Bolkhina et al. 2003; Anaytullah et al. 2012; Chen et al. 2013). In seed prim-
ing, seeds are hydrated in different types of solutions for the initiation of certain 
metabolic processes (Hussain et al. 2015) such as protein synthesis, and synthesis 
or repair of mitochondria, which permits the initial germination (Bray et al. 1989; 
Jisha et al. 2013; Paparella et al. 2015).

This chapter sums up the recent work accomplished on seed priming regarding 
its role in modulation of physio-biochemical and molecular mechanisms during ger-
mination and postgermination phases. It also discusses the basis of seed priming- 
induced enhancement of abiotic stress responses in crop plants during their different 
development stages.
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2  Physiological, Biochemical, and Molecular Aspects of Seed 
Priming

2.1  Pregerminative Metabolism

At physiological level, priming treatments inflict various metabolic alterations in 
seed with the start of imbibition process (Bray et al. 1989; Bray 1995; Paparella 
et al. 2015). Because of rehydration in seed priming, major cellular processes in 
seed such as the de novo synthesis of proteins and nucleic acids, adenosine triphos-
phate (ATP) production, activation of antioxidants accumulation of phospholipids 
and sterols, and DNA repair mechanisms are regulated (Paparella et al. 2015). Seeds 
are commonly exposed to various abiotic stresses during the initial stage of their 
germination, and thus, the oxidative damage of nucleic acid, lipids, and proteins is 
not an unusual phenomenon (Kranner et al. 2010). Within this framework, the seed 
repair response is important for conserving seed vigor and efficient germination 
(Oge` et al. 2008). Proper repair of DNA damage allows the embryo cells to recom-
mence cell cycle development and DNA replication occurs; nevertheless, oxidative 
injury because of defective DNA repair mechanisms leads to cell death (Kranner 
et al. 2010; Balestrazzi et al. 2011b; Waterworth et al. 2011; Ventura et al. 2012).

Priming treatments lead to an increased solubilization of storage proteins in seed, 
enhanced antioxidative activity (Bourgne et al. 2000; Randhir and Shetty 2005), and 
reduced lipid peroxidation rate in plants (Yeh et al. 2005). A proteome analysis of 
Arabidopsis seed germination after priming identified various storage proteins 
(12S-cruciferin β-subunits) which specifically appear during seed priming (hydro- 
and osmopriming) (Gallardo et  al. 2004). Sung and Chang (1993) reported that 
other reserve mobilization enzymes such as isocitrate lyase (for mobilization of 
lipids) and carbohydrates (-amylases) are also triggered during seed-priming treat-
ments. In primed seeds, a significantly higher number of mitochondria were also 
observed in osmoprimed leek cells (Corbineau et al. 2000). During priming treat-
ments, upregulation of α- and β-tubulin subunits proteins, which are important in 
cell division, was also noted by Varier et al. (2010). Repair mechanism of DNA is 
an important constituent of the “pregerminative metabolism,” which is activated 
with the start of seed imbibition, accompanied by uncontrolled buildup of reactive 
oxygen species (ROS) (Paparella et al. 2015). Numerous studies have specified that 
the major DNA repair processes such as nucleotide- (NER) and base excision repair 
(BER) are stimulated during the early seed imbibition phase in order to sustain the 
genome integrity (Balestrazzi et al. 2012; Cordoba-Canero et al. 2014; Paparella 
et al. 2015).

The increased activities of antioxidant enzymes permit the control accumulation 
of ROS during water uptake by seed (imbibition process) (Bailly et al. 2000; Hsu 
et al. 2003). Scavenging ROS in seed is described as antioxidant potential of the 
seed, and essential requirement to enhance germination under environmental 
extremities (Liu et al. 2007). The antioxidative response of seed can be assessed by 
monitoring the expression profiles of genes encoding enzymatic antioxidant such as 
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SOD, which is important in scavenging of superoxide radicals (Yao et  al. 2012; 
Paparella et al. 2015). Likewise, some other antioxidants such as CAT, APX, and 
GR were enhanced at transcript as well as enzyme activity level, representing the 
activation of antioxidant defense system (Chen et al. 2014; Macovei et al. 2014; 
Paparella et al. 2015). In short, seed priming activates various protective functions 
owing to physiological and metabolic alterations during pregerminative phase of 
seed, which provide the way for faster germination and vigorous seedling 
establishment.

2.2  Better Imbibition and Vigorous Seedling Growth

Seed priming may persuade structural and ultrastructural changes in seed that facili-
tates and speed up the process of imbibition, thus leading to uniform seedling emer-
gence and better seedling stand establishment (Galhaut et al. 2014). The first phase 
of germination (imbibitions phase), which starts with the uptake of water by seed, is 
similar in both primed and nonprimed seed by comparing water uptake and time. 
During phase II (lag phase) of germination in primed seeds, hydration treatment 
permits controlled uptake of water by seed, whether alive or dead, and stimulates 
the pregerminative metabolic process, but emergence of radicle is prevented, char-
acterized by the extended lag phase. Phase III (radical protrusion phase) is also 
similar in primed and nonprimed seeds and covers the germination and postgermi-
nation phases (Rajjou et al. 2012). Primed seed also showed the higher activities of 
many enzymes for metabolism of proteins (proteases), carbohydrates (α and β amy-
lases), and lipids (isocitrate lyase) involved in mobilization of stored reserves in 
seed (Varier et  al. 2010; Sisodia et  al. 2018). These enzymes play pivot role in 
breakdown of the macromolecules for embryo growth and development that exerts 
positive influence on early and better seedling emergence (Varier et al. 2010). Seed 
priming can break seed dormancy, curtail seedling emergence time, improve seed-
ling vigor, and leads to better germination and growth of plants (Mondal et al. 2011; 
Srivastava and Bose 2012). Seed priming with bioflavonoid enhanced both root and 
shoot elongation and increased the levels of photosynthetic pigments, flavonoids, 
and phenolics (Singh et al. 2016). Bose et al. (2018) stated that seed priming with 
polyethylene glycol significantly improved the levels of photosynthetic pigments 
under abiotic stress conditions.

2.3  Osmotic Adjustment

Seed priming has been reported to shorten the time of imbibition (phase I) and lag 
phases (phase II) (Khan et al. 2009; Ibrahim 2016). The embryo swelling inside the 
primed seed speeds up the germination process through facilitating the absorption 
of water (Elouaer and Hannachi 2012; Ibrahim 2016). Accumulation of osmolytes 
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(e.g., sugars) is a crucial mechanism of plant stress tolerance (Ibrahim 2016), which 
reduces the osmotic potential (OP) of cell and allows osmotic adjustment (OA) 
under adverse environmental conditions (Matias et al. 2015; Kubala et al. 2015b; 
Ibrahim 2016). In priming, enhancement of physiological as well as biochemical 
changes takes place in seed during suspension of germination by negligible matric 
and low OP of the imbibing medium. Nonpenetrating organic solutes or salts in 
solid matrices (matriconditioning) and liquid medium (osmoconditioning) are used 
to generate the water potential equilibrium between seed and osmotic medium 
needed for conditioning. In Vigna radiata (mungbean), priming of seeds with sub-
lethal dose of sodium chloride (halopriming) ameliorated the toxic effects of salin-
ity stress by accumulation of osmolytes and enhancement of antioxidant defense 
system for OA (Saha et  al. 2010). γ-Aminobutyric acid (GABA) treatment was 
helpful in maintaining an ideal OP in plants, which make them able to survive under 
osmotic stress conditions, without disturbing the normal functions of the cell. Lower 
OP with less change in leaf water content showed better OA while encountering 
osmotic stress (Hinckley et al. 1980). Higher proline (Pro) accumulation is also a 
common response of plants to osmotic stress (Ashraf and Foolad 2007). Proline 
regulates the cellular redox potential, stabilizes the macromolecules and subcellular 
structures, and triggers the stress-responsive genes/proteins (Szabados and Savouré 
2010). During osmotic stress, accumulation of Pro occurs mainly due to reduced 
degradation and increased synthesis (Verbruggen and Hermans 2008), and partially 
occurs due to abscisic acid (ABA) and hydrogen peroxide (H2O2) signaling (Rejeb 
et al. 2014). While studying on Zea mays seedlings, Yang et al. (2009) demonstrated 
that the H2O2 led to Pro accumulation and upregulated the expression of Δ1- 
pyrroline- 5-carboxylate synthetase gene in radicle and coleoptile. Although accu-
mulation of Pro has been reported in priming treated seeds (Farhoudi et al. 2011), 
little is known regarding the involvement of H2O2 and putative gene expression in 
this process.

2.4  Membrane Properties

Auto-oxidation of storage metabolites reserves during seed storage may lead to 
lipid peroxidation, which may further disrupt cellular compartmentalization and 
membranes (Rakshit and Singh 2018). Long-term storage of seed affects the activi-
ties and functions of various enzymes and cellular organelles, ultimately reducing 
the viability and vigor of seedling (Rakshit and Singh 2018). During seed priming, 
initial phase (phase I or imbibition phase) is characterized by repairing of mitochon-
dria and DNA, enhanced respiration and energy metabolism, cell cycle initiation, 
hormone signaling, gene transcription and gene translation, and regulation of stress- 
responsive genes (DHN, LEA, AQP, etc.), activation of priming memory, ROS sig-
naling, and regulation of antioxidant enzymes (Rakshit and Singh 2018). During lag 
phase, activation of priming memory and synthesis of protein through mRNA are 
recruited upon rehydration. In postgermination phase, mobilization of stored reserve 
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and elongation of radicle cells occur, and after rupture of seed outer covering (seed 
coat), radicle emerges out (Chen and Arora 2013). Seed priming treatments trigger 
the active absorption of ions with higher ATP availability, and reduce the metabo-
lites leakage via repair of deteriorated seed parts leading to improved growth of 
embryo (Dahal et al. 1990). Seed priming improves the cell membrane integrity, 
negates the oxidative damage, and counteracts lipid peroxidation, and these attri-
butes are directly linked with repair of biochemical lesions (Villiers and Edgcumbe 
1975), maintenance of seed viability (Basu et  al. 1973), activation of enzymes 
(Sananda and Bose 2012), and improved rate of germination (Lee et al. 1998). It has 
also been reported that menadione sodium bisulfite, a novel priming agent (Prasad 
et  al. 1994), was capable of inducing resistance against oxidative stress in 
Arabidopsis (Borges et al. 2009). Priming with polyamines has also been reported 
to stabilize the bilayer surface, retard the membrane deterioration (Basra et  al. 
1994), scavenge the free radicals, and protect the macromolecules and membranes 
from oxidative damages (Roberts et al. 1986; Besford et al. 1993) under adverse 
environmental conditions.

2.5  Antioxidant Defense System

In primed seedlings, different antioxidants such as POD, APX, SOD, and CAT have 
been known to play an important role in enhancing stress tolerance (Bolkhina et al. 
2003). These antioxidants may guard the cellular membranes against the harmful 
effects of ROS such as H2O2, hydroxyl radicals, superoxide radicals, and singlet 
oxygen (Posmyk et al. 2001). Enhanced activities of CAT, SOD, and POD in seed-
lings emerged from primed seeds have been reported under normal and stress condi-
tions (Goswami et al. 2013; Zheng et al. 2016; Hussain et al. 2016a, b).

Plant antioxidant systems scavenge the excessive ROS production persuaded by 
various stresses and play an important role during seed storage, germination, and 
development (Bailly 2004; De Tullio and Arrigoni 2003). Antioxidant system con-
stitutes both enzymatic (such as APX, CAT, and SOD) and nonenzymatic com-
pounds (e.g., GSH and AsA). Each antioxidant usually has a specific function, for 
instance, CAT degrades the H2O2 into water and oxygen, while APX-induced catal-
ysis of H2O2 is reliant on AsA-GSH cycle. Here, AsA acts as election donor to 
stimulate H2O2 degradation by the APX, while GSH and its enzymes (monodehy-
droascorbate reductase; MDHAR, GR, dehydroascorbate reductase; DHAR) are 
accountable for AsA regeneration. Moreover, various antioxidants can have differ-
ent functions at a similar developmental phase. For instance, CAT was regulated in 
dormant mature as well as germinating seeds, whereas APX was not noticed in 
physiologically quiescent seeds (De Tullio and Arrigoni 2003). Seed priming modi-
fies the ROS accumulation and alters the expression of genes and enzymes of anti-
oxidative defense system. Kibinza et al. (2011) noted that sunflower priming showed 
enhanced expression of gene encoding CAT and demonstrated that CAT is impor-
tant enzyme that play role in recovery of vigor in the aged seeds.
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2.6  Changes in Metabolic Events

Several metabolic events, such as DNA replication (Lanteri et al. 1994); synthesis 
of RNA, DNA, and proteins (Bray 1995; Bailly et al. 2000); and accumulation of 
beta-tubulin (De Castro et al. 1995), are triggered with seed priming (Paparella 
et  al. 2015). In sunflower (Helianthus annuus), Chojnowski et  al. (1997) noted 
that priming of seed increased the respiration rate and conversion of ACC 
(1- aminocyclopropane 1-carboxylic acid) to the ethylene. Understanding the 
responses of biochemical or molecular markers is of a significant interest for eval-
uating the efficacy of seed priming. In tomato (Solanum lycopersicum) seeds, a 
significant positive correlation was noted between DNA replication and osmotic 
treatment (osmoconditioning) (Bailly et al. 2000). Job et al. (1997) found that an 
11-S globulin beta-chain was a good indicator among seed priming-induced 
effects in sugar beet (Beta vulgaris). Seed-priming treatments have been reported 
to improve the germination rate of aged seeds (Bailly et al. 1996, 2000), which 
was mainly attributed to lower lipid peroxidation rate, and restoration of antioxi-
dative defense mechanisms, e.g., increased activities of GR and CAT (Bailly et al. 
1996, 2000). The CAT enzyme controls the lipid peroxidation rate by scavenging 
of H2O2, while GR is known to produce glutathione.

Several other metabolic and cellular events such as including induction of stress- 
responsive proteins (LEAs and HSPs), cell division and elongation, H+-ATPase 
activity, plasma membrane fluidity, and changes in proteome and transcriptome 
have been demonstrated to understand the basis of priming-induced abiotic stress 
tolerance in plants (Gallardo et al. 2001; Zhuo et al. 2009).

2.7  Hormonal Balance and Regulation

The antagonistic roles of different plant hormones like GA (gibberellin) and ABA 
in regulating seed germination are well understood (Bewley 1997). However, 
molecular and physiological mechanisms underlying the influence of seed priming 
treatments on germination in relation to plant hormones are poorly illustrated. The 
GA is crucial for seed germination, as evident by the inability of GA-deficient 
Arabidopsis (ga1-3) and tomato (gib-1) mutants to germinate without the exoge-
nous application of GA (Groot and Karrssen 1987).

There are two distinct development programs involved in seed maturation and 
germination: shift from quiescent state to germination and switch from embryo 
development to maturation (Kermode 1990). Both steps are affected by the coordi-
nation between growth promoter (GA) and growth retardants (ABA) (Nambara 
et al. 2010). The interaction between ABA and GA is controlled by regulation of 
genes involved in signaling pathways and biosynthesis of these hormones and 
metabolism of germination-related proteins, stress proteins, and storage compounds 
(van der Geest 2002; Weiss and Ori 2007). Weitbrecht et al. (2011) have reviewed 
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the role of ABA/GA in regulation of seed germination. During the embryogenesis, 
accumulation of ABA inhibits vivipary and modulates seed maturation. While GA 
antagonizes ABA during germination and development, therefore, GA biosynthesis 
signaling is generally reduced in mature seeds but increased during germination. 
El-Araby et  al. (2006) reported that seed-priming treatments enhance GA/ABA 
ratio which, in turn, regulates seed germination. In primed seeds, the possible basis 
of regulation of hormones in relation to germination includes different GA-induced 
germination-related processes, mainly including weakening of endosperm, reserve 
mobilization, and elongation of embryo cell (Chen et al. 2001; Chen and Bradford 
2000; Nonogaki et al. 2000; Chen et al. 2002; Sung et al. 2008). Only few studies 
exist on interaction of ABA and GA during seed priming, and its contribution in 
seed priming-induced regulation of germination. The available studies have out-
lined a differential response of seed priming (e.g., increased ABA signaling during 
seed priming) to ABA-GA interaction (Lopez-Molina et  al. 2002; Catusse et  al. 
2011).

Ethylene also affects the germination process through enhancing speed and rate 
of germination (Siriwitayawan et al. 2003). The relationship between priming and 
ethylene has been reported in various plant species, such as peanut, cucumber, 
tomato, and lettuce (Cantliffe et al. 2000; Habdas et al. 1998; Siriwitayawan et al. 
2003). Two different mechanisms are suggested regarding the role of ethylene in 
seed priming: (1) higher ethylene production enhances the activity of endo-β- 
mannanase, which can help germination at high temperature via weakening of 
endosperm, and (2) ethylene can modulate OA by regulating the osmotic adjust-
ment in primed seeds and increasing germination even under stressful conditions 
(Cantliffe et al. 2000).

2.8  Aquaporins and Tonoplast Intrinsic Proteins

Aquaporins (AQPs) have significant role in kinetic exchange of water. Recently, 
different studies have demonstrated the better water uptake in primed seeds because 
of faster imbibition with respect to nonprimed seeds (Galhaut et al. 2014; Kubala 
et al. 2015a), and the ectopic expression of AQPs genes (SoPIP2; 1) was enhanced 
in primed seeds (Chen et al. 2013). The transmembrane transport of water through 
the regulation of AQPs enhanced the capacity of seed to absorb and transport water 
to different plant tissues. It was observed that during imbibition process, the trans-
port of water and adequate water supply for the embryo through AQPs might be one 
of the major components mediated in primed seeds, that impacts the rate of germi-
nation as well as stress resistance (Chen et al. 2013; Wojtyla et al. 2016).

Increased germination potential and vigor of seeds under different priming tech-
niques have been well reported (Hu et al. 2005; Pant and Bose 2016). In Arabidopsis 
model plant, proteomic analysis in primed and unprimed seeds identified 1300 pro-
teins, and an abundant change was recorded in 74 proteins prior to emergence, and 
some new proteins were identified during dehydration (Gallardo et al. 2001). In 
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wheat seeds, proteomics analysis during artificial aging and seed priming 
(hydropriming) showed 162 differentially expressed proteins (DEPs) responsi-
ble for energy supply, metabolism, and stress responses (Lv et al. 2016), while 
531 DEPs were noted in primed seeds compared to nonprimed seeds, and vari-
ous upregulated DEPs are involved in process of energy supply (such as tricar-
boxylic acid cycle, glycolysis, fatty acid oxidation), anabolic processes (such as 
synthesis of various fats and amino acids), and cell division and growth (Lv 
et al. 2016).

2.9  Dehydrins (Late Embryogenesis Abundant Proteins)

DHNs (group 2 LEA protein) (Candat et al. 2014) are associated with enhanced 
stress tolerance in primed seeds (Wechsberg et al. 1994). Degradation of DHN was 
noted during priming (osmopriming) in Pisum sativum L. (peas) and Beta vulgaris 
L. (beet) (Capron et  al. 2000; Baker et  al. 1995; Gumilevskaya and Azarkovich 
2010), indicating that primed seeds may reduce DHNs than unprimed seeds. A 
reduction in the abundance of DHNs in primed seeds was noted in Pisum sativum 
(peas), Spinacia oleracea (spinach), and Beta vulgaris (beet) compared to unprimed 
seeds (Baker et al. 1995; Chen et al. 2012a, b). Chen et al. (2012b) found four DHN-
like proteins in spinach seeds during early phase of osmopriming and they demon-
strated that these proteins were degraded progressively to a lower level in primed 
seeds, compared with untreated seeds.

2.10  Reactive Oxygen Species: Key Signaling Molecules 
in Priming

Seed priming alters the accumulation of ROS in plants (Pal et al. 2013). Several 
evidence indicate that ROS, although toxic at higher concentration, could also assist 
as signal molecules to regulate hormone signaling, programmed cell death, plant 
growth and development, and tolerance against various abiotic stress factors (Mittler 
et al. 2004). ROS also contribute in sensing of the external environment and thus 
control the plant development (Smirnoff 2005). A complex system is present for 
ROS metabolism that interacts closely with hormonal signaling systems and assists 
plants in regulation of developmental proceedings as well as abiotic stress responses 
(El-Maarouf-Bouteau and Bailly 2008). These authors noted that light or moderate 
accumulation of ROS is beneficial for germination, as it may activate signaling 
cascades for seed germination, promote the weakening of endosperm, and mediate 
programmed cell death in the aleurone layer (Bailly et  al. 2008; El-Maarouf- 
Bouteau and Bailly 2008). Under priming treatments, such beneficial accumulation 
of ROS may occur from partial hydration and dehydration of seed. Bailly et  al. 
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(2008) reported the decreased ROS accumulation during seed development of in 
sunflower; however, their levels were increased rapidly with seed hydration because 
of regulation of various ROS-producing metabolisms mainly including lipid catabo-
lism and respiration. During seed-priming process, the enhanced ROS production 
can be a natural response that occurred due to the partial hydration of seed, rather 
than an indicator of stress. Nevertheless, H2O2 accumulation was enhanced by PEG 
exposure (>24  h) in Medicago (Balestrazzi et  al. 2011a). Likewise, a combined 
application of GA and PEG persuaded high accumulation of ROS in Larix deciduas 
(Larch) and Pinus sylvestris (pine) seeds (Naglreiter et al. 2005). Apart from the 
positive role of ROS, an excessive generation of ROS can be injurious to germina-
tion of seed because these may cause seed aging and cellular perturbations 
(McDonald 1999). It was suggested that the accumulation of ROS should be con-
trolled tightly in order to play the role of positive regulator of germination (Bailly 
et al. 2008), particularly during osmopriming where less availability of the water 
can cause more production of ROS.

2.11  Activation of DNA Repair Pathways

DNA repair and defense mechanisms are stimulated in seeds upon rehydration to 
decrease the growth inhibition during development of seedling. During maturation 
and storage conditions, seeds are exposed to various adverse conditions, which 
cause DNA oxidation, loss of D NA integrity, and hinder the cell cycle (Bray and 
West 2005). To increase the chances of successful germination and preserve the 
seed vigor, DNA repair processes must be kept at proper level in embryo. DNA 
repair mechanisms mainly including BER and NER together with antioxidants are 
regarded as key pregerminative metabolic processes (Huang et al. 2007; Wojtyla 
et  al. 2016). In barrel clover (Medicago truncatula) seeds, the TYROSYL-DNA 
PHOSPHODIESTERASE (MtTdp1α; GB# FJ858738) and MtTdp1β (GB# 
BT006446.1) genes encoding α- and β-tyrosyl-DNA phosphodiesterase1 and DNA 
repair genes MtTop1α (GB# CA919655) and MtTop1β (GB# CX526330) were 
upregulated rapidly during the imbibition process (Macovei et  al. 2010; Wojtyla 
et al. 2016). The increased expressions of MtTop1 α and MtTop1 β and as well as 
for MtTdp1 α and MtTdp1 β were also noted during PEG priming of Medicago 
truncatula seeds (Balestrazzi et al. 2011a). In Arabidopsis seed, enhanced expres-
sion of AtOGG1 gene (DNA glycosylase) was also recorded during desiccation and 
water uptake (Wojtyla et al. 2016). The PEG priming of M. truncatula seeds also 
showed the involvement of AtTFIIS and MtTFIIS in DNA repair mechanisms dur-
ing seed imbibition (Macovei et al. 2011b; Wojtyla et al. 2016), but Balestrazzi et al. 
(2011a) demonstrated that higher regulation of TFII-S was not observed in PEG-
primed seeds. DNA repair mechanisms (NER, BER, HR, etc.) are now regarded as 
pregerminative metabolic process, important for recrudescence of cell cycle activity 
(Huang et al. 2007; Wojtyla et al. 2016). The repair processes of DNA should be 
regarded as the most valuable and essential process activated in the process of seed 
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priming (Macovei et al. 2011a; Ventura et al. 2012; Rajjou et al. 2012). Prior to 
replication in primed seeds, repair of DNA damage occurs primarily through DNA 
synthesis (Varier et al. 2010). In chick pea seeds, the role of DNA repair during seed 
priming was suggested based on the expression analysis of genes involved in DNA 
repair directly or indirectly (Sharma and Maheshwari 2015; Wojtyla et al. 2016). 
Seed priming also regulates the expression of some genes/proteins which play 
essential role for cell division. In Arabidopsis thaliana seeds, both osmoprimed 
(−0.75 MPa PEG 6000) and hydroprimed resulted in accumulation of tubulin sub-
units (α tubulin and β tubulin) (Gallardo et  al. 2001; Kubala et  al. 2015a). In 
osmoprimed seeds of Lycopersicon esculentum, DNA replication and synchroniza-
tion of cell cycle were also recorded (Özbingöl et al. 1999; Wojtyla et al. 2016). 
Moreover, osmopriming (1.2  MPa PEG) in Brassica napus seeds enhanced the 
regulation of genes/proteins involved in cell cycle, such as microtubule motor activ-
ity proteins (At3g45850, At4g39050), proteins associated with microtubule 
(At5g55230, At1g24764), cell division control protein 48 homolog C (At3g01610; 
CDC48C), and tubulin subunits (beta- and gamma-tubulin) (Kubala et al. 2015a; 
Wojtyla et al. 2016). The above discussion partially confirmed that different priming 
techniques promote higher and faster activation of pregerminative metabolism, such 
as DNA processing during replication and repair mechanisms, and transcriptional 
activity.

3  Seed Priming and Abiotic Stress Tolerance in Plants

Crop plants often pass through a period of abiotic stresses during their life cycle 
under natural environments which adversely affect their growth and productivity 
(Hussain et al. 2018a). Different stresses such as drought, heat, cold, and salinity are 
threatening the crop yields. To counter the effects of these abiotic stresses, plants 
modulate various physio-biochemical processes. It has been well understood that 
most of the abiotic stresses decrease the uptake during first phase of germination. 
Less water availability under abiotic stresses affects the process of the cell elonga-
tion, leading to reduced embryo growth followed by poor emergence of seedling. 
Seed priming, a pragmatic technique, has been successfully employed to achieve 
the proper stand establishment under normal and stressful conditions (Jafar et al. 
2012; Hussain et al. 2016a, b). Recently, several reports have described the benefi-
cial impacts of priming under different abiotic stresses in various field crops (Jisha 
et al. 2013; Hussain et al. 2016a, b; Hussain et al. 2018a). Plants emerged from the 
primed seeds showed vigorous head start and higher stress tolerance mainly because 
of more effective energy metabolism, OA, quick cellular defense systems, enlarged 
embryo, and enhanced enzymatic activation (Jisha et  al. 2013). In PEG-primed 
seeds, Pant and Bose (2016) noted that the germination, vigor, and relative water 
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content were enhanced with respect to nonprimed seeds. Under cold stress, seed 
priming with salicylic acid (SA) + H2O2 combination significantly enhanced germi-
nation and seedling growth, which was closely related with ROS detoxification, 
hormonal metabolism, metabolites accumulation, and efficient energy supply (Li 
et al. 2017). In tobacco, seed priming enhanced the cold tolerance during germina-
tion and growth of seedling by regulation of antioxidative defense in plant tissues 
(Xu et al. 2011). Guan et al. (2009) demonstrated that seed priming improved the 
germination speed and seedling growth of maize under low temperature. Similarly, 
Elkoca et al. (2007) suggested the seed priming (hydropriming and osmopriming) 
for better seedling emergence and vigorous growth of chickpea under chilling stress. 
Srivastava et al. (2010) reported the beneficial influence of various seed-priming 
techniques to increase salinity and drought tolerance in Indian mustard. Kumar 
et al. (2016) stated that hydro- and halopriming (Mg(NO3)2 and Ca(NO3)2) can alle-
viate the adversities of heavy metal (HgCl2) stress in wheat by enhancing the germi-
nation, seedling length, soluble sugar contents, and α amylase activity.

4  Conclusion

Seed priming offers a smart, innovative, realistic, and effective option for achieving 
faster and uniform emergence, vigorous stand establishment, and higher productiv-
ity in crop plants under normal and stressful conditions. Vigorous start and greater 
stress tolerance in plants raised from primed seeds primarily occur because of more 
effective energy metabolism, OA, embryo enlargement, enhanced activation of dif-
ferent enzymes, increased DNA and RNA synthesis, and quick cellular defense 
responses. Seed priming can stimulate various signaling cascades during early 
growth phase and leads to faster and efficient defense responses in plants. The exact 
molecular mechanisms behind seed priming are not fully explored; it is postulated 
that sensitization of seed was related with higher buildup of signaling proteins. 
Under abiotic stress conditions, activation of signaling proteins amplifies signal 
transduction, thus resulting in rapid activation of plant defense responses. Priming 
helps repair some of the damages caused by seed erosion, which leads to increased 
vigor of primed seeds. Seed priming also affects the metabolic phase of germination 
and thus triggers the early replication of DNA. It is desirable to develop the appro-
priate seed-priming approaches for different plant species to overcome the chal-
lenges of the environmental extremities. Although the beneficial effects of seed 
priming in enhancing abiotic stress tolerance in plants are widely reported, the exact 
mechanism behind such effects is poorly known. Therefore, the imminent goals of 
agricultural researchers should be focused on identifying the novel proteins/genes 
and transcription factors, which are regulated due to seed priming under different 
abiotic stresses.
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Abstract Seed priming is an effective tool to enhance germination of seeds and 
subsequent growth of seedlings under both ideal and adverse conditions. The posi-
tive effects of seed priming are due to varied physiological, biochemical, and 
molecular changes. These improvements include activation of enzymes that are 
involved in cellular metabolism, metabolism of inhibitors, breaking seed dormancy, 
and water imbibition. Environmental stresses can adversely affect growth of plant at 
the physiological, biochemical, and molecular levels. The plants grown from the 
primed seeds tend to have better tolerance to abiotic stresses. Seed priming enhances 
the metabolic processes within the germinating seed, leading to buildup of abiotic 
stress tolerance. However, physiological, biochemical, and cellular mechanisms of 
this phenomenon are not well understood. This chapter deals with recent progress in 
understanding the roles of seed priming in various physiological, biochemical, and 
molecular mechanisms during seed germination and post-germination stages as 
well as how it assists in regulating plant tolerance to abiotic stresses. Further, factors 
affecting seed priming and mechanisms of abiotic stress tolerance with priming 
agents were explained in the current state research work.

Keywords Seed priming · Abiotic stress · Physiological basis · Biochemical basis 
· Seed germination · Priming agents

Abbreviations

ABA Abscisic acid
AgNPs Biocompatible silver nanoparticles
APX Ascorbate peroxidase
AsA Ascorbic acid
ATP Adenosine triphosphate
BABA Beta-aminobutyric acid
CAT Catalase
FC Field capacity
GA3 Gibberellin
GB Glycine betaine
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GPOX Guaiacol peroxidase
GR Glutathione reductase
GSH Reduced glutathione
HSPs Heat shock proteins
IAA Indole-3-acetic acid
JA Jasmonic acid
LEA Late embryogenic abundance
MDA Malondialdehyde
NR Nitrate reductase
PAL Phenylalanine ammonia-lyase
PAs Polyamines
PEG Polyethylene glycol
POX Peroxidase
PPO Polyphenol oxidase
ROIs Reactive oxygen intermediates
ROS  Reactive oxygen species
SA Salicylic acid
SOD Superoxide dismutase
XOD Xanthine oxide

1  Introduction

Abiotic stresses such as salinity, drought, and temperature severity are the most 
significant factors that adversely affect the crop production (Jakab et al. 2005; Jaleel 
et  al. 2009; Thakur et al. 2010). These abiotic stresses are responsible for either 
inhibition or delayed germination of seed and establishment of seedling (Almansouri 
et al. 2001). Germination is a crucial stage of plant’s life that is highly responsive to 
change of environmental conditions. It is controlled by physiological, biochemical, 
and molecular processes related to embryo development (Bewley 1997; Rajjou 
et al. 2012; Bewley et al. 2013; Lutts et al. 2016). Abiotic stresses cause a series of 
changes in several physiological, biochemical, and molecular processes in cells 
(Xiong and Zhu 2002). They disturb the metabolic balance of plant cells, which 
may result in oxidative stress (Shafi et al. 2009), membrane damage (Korkmaz et al. 
2010), reduction of cellular respiration (Sugie et al. 2006), and reactive oxygen spe-
cies production (Suzuki and Mittler 2006).

Seed priming is a promising strategy used to improve performance of seed by 
enhancing the rate of germination and emergence uniformity that results in better 
and faster development of seedling (Cramer 2002; Basra et al. 2004; Castañares and 
Bouzo 2018; Sohail et al. 2018). Several seed priming methods have been developed 
to improve seed germination and seedling growth. Seed priming with several agents 
has developed as a promising approach to enhance plant stress tolerance. Seeds can 
be primed with different chemicals, ions, organic compounds, hormones, and anti-
oxidants (Ghassemi-Golezai and Esmaeilpour 2008; Eskandari 2013; Jisha et  al. 
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2013; Nawaz et al. 2013; Ibrahim 2016; Masondo et al. 2018). The seed priming 
success is strongly correlated with environmental variables during the seed priming 
process, plant species, seed lot and vigor, and priming method (Parera and Cantliffe 
1994; Corbineau and Come 2006; Farooq et al. 2012; Maiti and Pramanik 2013).

Seed priming stimulates many of the physiological, biochemical, and molecular 
mechanisms that are involved in the early stages of germination, and it can induce 
abiotic stress tolerance mechanisms that improve growth during and after seedling 
establishment. Seed priming activates a series of physiological, biochemical, cellu-
lar, systemic, and molecular modulations that enhances plant growth under abiotic 
stress conditions (Varier et al. 2010; Eisvand et al. 2010; Chen and Arora 2013; Siri 
et al. 2013; Ibrahim 2016; Lutts et al. 2016; Pal et al. 2017).

Seed priming improves the germination rate and uniformity by metabolic repair 
during imbibition, osmotic adjustment, and stimulation of pre-germinative meta-
bolic processes in the primed seeds. These include effects on early reserve mobiliza-
tion, repair mechanisms, and DNA processing during replication (Bradford 1986; 
Bray et al. 1989; Ibrahim 2016; Lutts et al. 2016). Seed priming also promotes many 
of germination-related activities such as energy metabolism, reserve mobilization, 
endosperm weakening, respiration, and supporting the expansion of embryo cells 
(Pandita et  al. 2007; Chen and Arora 2011; Varier et  al. 2010). Seed priming 
improves germination by the regulation of DNA repair pathways, degrading 
enzymes, catalase, and other antioxidant-scavenging enzymes, the de novo synthe-
sis of proteins and nucleic acids, and the accumulation of phospholipids and sterols 
(Afzal et al. 2002; Chen 2011; Rajjou et al. 2012; Kubala et al. 2015a; Paparella 
et al. 2015). Moreover, proper seedling development from primed seed may be due 
to induced plasma membrane fluidity, cell division, elongation, and abiotic stress- 
responsive proteins (Ibrahim 2016).

Seed priming also promotes the specific defense mechanism-related abiotic 
stress responses. It increases the accumulation of protective proteins such as heat 
shock proteins (HSPs) and late embryogenesis abundant, enhances the antioxidant 
scavenging enzymes such as SOD, GPX and CAT, activates the membrane efflux 
pumps, and upregulates the genes-encoding peroxiredoxin (Li et al. 2005; Varier 
et  al. 2010; Catusse et  al. 2011; Chen 2011). Seed priming also regulates stress 
tolerance by increasing of protein synthesis potential and posttranslational modifi-
cations and by keeping the optimum quotient for the translational turnover (Kubala 
et al. 2015b).

2  The Physiology of Seed Germination

The germination of seeds is the series of steps that progress to the radical protrusion. 
Dry mature seeds have very low water content (5–15%) with metabolic activities at 
a standstill. The start of metabolism in dry mature seeds and growth of embryo 
depend on suitable environment conditions such as suitable temperature, water, and 
oxygen. Sufficient water uptake (imbibition) is the most important factor to start the 
germination and the metabolic activities in the embryo. Water uptake in germinating 
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seed is normally a triphasic process, with a rapid initial water uptake (phase I, i.e., 
imbibition), followed by an activation phase with slight change in water content 
(phase II), and a further increase in water uptake (phase III) that occurs as the 
embryo axis elongates and with resumption of growth (Bewley 1997; Rajjou et al. 
2012; Bewley et al. 2013; Lutts et al. 2016). Before the end of activation phase, 
germination stays a reversible process, and the seeds can be dehydrated again and 
stay viable during storing and able to subsequently reinitiate germination under 
suitable conditions. When water goes into dry seeds, the germination process of 
seed that has no problem with dormancy and coat permeability occurs in three 
phases (Fig. 1) (Bewely and Black 1994; Bewley et al. 2013; Eskandari 2013). The 
germination process can be divided into the following three phases:

2.1  Initial Fast Imbibition

When a dry seed is soaked in water, the solutes inside the seed cells decrease the 
turgor potential and lead to rapid uptake of water (phase I), and as the seed water 
potential increases during imbibition, the seed water content increases. The cell wall 
resistance to expansion results in a turgor potential increase in the cell. During seed 
imbibition, proteins are synthesized in the embryo using existing and new messen-
ger ribonucleic acid (mRNA), and DNA and mitochondria are repaired and synthe-
sized (McDonald 2000; Varier et al. 2010; Rajjou et al. 2012; Rosental and Nonogaki 
2014). When the water potential of the cells in a seed increases, the water uptake 
slows, and the seed enters lag phase (phase II).

Fig. 1 Schematic representation of the water uptake within the seed during standard germination 
and seed priming process. (Rajjou et al. 2012)
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2.2  Starting of Metabolic Processes in the Seed (Lag Phase)

Phase II is known as the lag phase, in which the water potential of seed is in balance 
with that of the seed environment. During this phase, the seed absorbs a small or 
negligible amount of water over a relatively long period, but significant metabolic 
activity is associated with activation of enzymes and increased respiration. 
Therefore, the seed can complete all its physiological pre-germination processes 
and get ready for radicle emergence. The major metabolic changes related to germi-
nation such as new mitochondria and protein synthesis are initiated during this 
phase. Thus, it is also called an activation phase (Di Girolamo and Barbanti 2012a, 
b; Rajjou et al. 2012; Rosental and Nonogaki 2014). Phases I and II are the most 
delicate stages for the germination process and are essential to successful seed 
priming (Bewley 1997).

2.3  Subsequent Radicle Emergence and Resumption 
of Growth

When the pre-germination embryonic processes are completed in phase II, the seed 
transfers to phase III, which results in radicle protrusion through the seed coat, and 
water and oxygen absorption rapidly increases (Bradford 1986; Welbaum et  al. 
1998). Also, this phase increases root growth, and its emergence coincides with its 
characteristic division and enlargement of cells (Bradford 1995; Rajjou et al. 2012).

3  The Benefits of Seed Priming

Seed germination and stand establishment are critical factors in the life cycle of 
plant under both normal and stress conditions. Many methods to modify the pro-
cesses involved in germination have been performed to enhance the behavior of 
seeds. Seed priming is the most commonly used method to enhance seed germina-
tion potential and increased abiotic stress tolerance (Bewley et al. 2013; Paparella 
et  al. 2015; Ibrahim 2016). The valuable effects of seed priming with different 
methods and agents have been found in many crops (Maiti and Pramanik 2013; 
Ibrahim 2016; Lutts et al. 2016). The beneficial effects are not exclusive of seed 
germination and can be extended to later stages (Chen and Arora 2013). Seed prim-
ing is adopted as a method to improve performance of seed germination especially 
when applied under diverse environmental conditions or to poor-quality seeds. The 
seed priming benefits have also been found for subsequent seedling growth, result-
ing in a stronger crop stand (Nerson 2007; Dursun and Ekinci 2010; Sharma et al. 
2014) and better ability to compete with weeds and to tolerate infection of patho-
gens (Ellis and Butcher 1988; Hill et al. 2008) and improve establishment of plants 
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under abiotic stress conditions (Soeda et al. 2005; Nerson 2007; Khan et al. 2009a, 
b; Patade et al. 2009; Bewley et al. 2013; Maiti and Pramanik 2013; Paparella et al. 
2015). Seed priming can break or alleviate photo- and thermo-dormancy in plants 
such as lettuce and endive (Bewley et al. 2013). The primed seeds give earlier and 
more uniform germination, more vigorous seedlings, and great tolerance to adverse 
conditions (Cramer 2002; Ozbay and Susluoglu 2016). Seed priming promotes the 
proliferation of root hairs that may lead to more efficient nutrient and water uptake. 
Moreover, it reduces several seed-borne pathogens, including Xanthomonas camp-
estris in Brassica seed and Septoria in celery (Durner 2013). Seed priming is a low-
cost, simple, and low-risk technique that can be a useful technology for farmers.

4  Mechanism of Seed Priming

Seed priming is a pre-sowing method that hydrates partially the seed in a specific 
environment for a certain period, followed by seed drying. It permits pre- germinative 
metabolic processes to the point of germination process to start while preventing 
radicle emergence (Bradford 1986; Dell Aquila and Tritto 1991; Pill 1995; Basra 
et al. 2003; Giri and Schillinger 2003; Chen and Arora 2013; Paparella et al. 2015; 
Ibrahim 2016). Seed priming allows some pre-germinative processes to occur with-
out actual germination. Soaking of seeds into water stimulates a variety of meta-
bolic changes necessary for germination. These changes include water imbibition, 
breaking seed dormancy, enzyme activation, etc. (Ajouri et  al. 2004). In primed 
seeds, moistures are controlled at a level just less than what is required for actual 
germination, but just suitable to allow germinative metabolic processes to start. 
Primed seeds complete phase I (hydration) and II (lag phase) without entering the 
initial growth phase (phase-III) (Bradford 1986; Basra et al. 2003). Although the 
germination is not completed, the seed storage reserves are converted into a form 
that nourishes the embryo during germination. These changes allow the treated 
seeds to move to the third stage of germination, which involves radicle protrusion as 
soon as favorable environmental conditions are found (Ibrahim 2016).

Dehydration of seed after priming (drying-back) is essential to allow storage of 
seeds. After soaking period, seeds are rinsed with water and re-dried to levels com-
patible with storage. This keeps the positive effects of seed priming, without the 
quality loss that is caused by rapid deterioration of seed (Parera and Cantliffe 1992; 
Halmer 2004; Varier et al. 2010; Ratikanta 2011; Di Girolamo and Barbanti 2012a, 
b). Seed drying after the start of radicle emergence causes injury to vigor and viabil-
ity of seed. When primed seed is in phase III, it tolerates a return to the initial mois-
ture without damage (Fig. 1) (Taylor et al. 1998; Di Girolamo and Barbanti 2012a, 
b; Rajjou et al. 2012; Ibrahim 2016).

Primed seeds can be stored until time of sowing. The seed desiccation tolerance 
and longevity are two essential traits for primed seed (Ellis and Hong 1994; Hay and 
Probert 1995; Gurusinghe and Bradford 2001). The longevity of primed seed 
depends on the dehydration and storage conditions. A rapid dehydration may alter 
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the soluble carbohydrate content. This decreases the tolerance to dehydration and 
seed longevity. Conversely, a slow dehydration may increase subsequent longevity 
(Bruggink et al. 1999; Gurusinghe and Bradford 2001). The primed seed can be 
stored for a period without harm. Primed seed often has a shorter life span than non- 
primed seed and should be stored under optimal conditions prior to planting.

5  Factors Affecting Seed Priming

The effectiveness of the seed priming is mainly influenced by various environmen-
tal variables during the seed priming process such as osmotic potential of priming 
solution, priming duration and ambient temperature, priming method applied, seed 
lot and vigor, plant species, and the storage condition of primed seeds. Therefore, 
the best results from seed priming are obtained if the priming technique is optimized 
(Parera and Cantliffe 1994; Corbineau and Come 2006; Farooq et al. 2012; Maiti 
and Pramanik 2013). These factors are often tested in specific experiments. Factors 
to consider are as follows:

5.1  Kind of Priming

Each of the priming methods has its advantages and disadvantages and may have 
different effects (Tzortzakis 2009). Hydro-priming and solid matrix with calcium 
aluminum silicate (1:1:0.4, seed/water/solid matrix) increased significantly the ger-
mination and seedling vigor of okra (Sharma et al. 2014) in comparison with halo- 
priming and solid matrix methods. Halo-priming of hot pepper seeds showed a better 
performance than hydro- and unprimed seeds under low (3 dS m−1) and moderate (5 
dS m−1) salt stress conditions (Amjad et al. 2007). At the same osmotic potential of 
NaCl and PEG, salt (NaCl) stress had a lower influence on cowpea seed germination 
and seedling growth than did the water stress simulated by the PEG (Murillo-Amador 
et al. 2002). Moreover, germination percentage of leek and carrot seeds primed with 
salt solution such as monopotassium phosphate (KH2PO4) was lower than those 
primed with polyethylene glycol (PEG 6000 molecular weight) (Brocklehurst et al. 
1984). The positive effects of KNO3 priming were more than NaCl priming, which 
are similar to those found for watermelon (Citrullus lanatus (Thunb.) Mansf) (Demir 
and Van de Venter 1999; Demir and Oztokat 2003), cucumber (Cucumis sativus L.) 
(Ghassemi-Golezani and Esmaeilpour 2008), and muskmelon (Cucumis melo L.) 
(Bradford et al. 1988). According to Alevarado and Bradford (1988) and Bellti et al. 
(1993), the superiority of seed priming with KNO3 to NaCl is related to more nitro-
gen and potassium accumulation in seeds primed with KNO3. The salt solution of 
potassium nitrate (KNO3) treatment showed better performance of tomato seeds 
than the PEG treatment (Frett et al. 1991; Lara et al. 2014). Priming tomato seeds 
with KNO3 treatment gave the best results in comparison with water and vitamin C, 
gibrescol (GA3), as well as PEG 8000 treatment (Bocian and Holubowiczs 2008). 
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Moreover, seed priming of cucumber seeds with ethrel (100 ppm) or KNO3 (1%) 
showed the better performance than GA3 (100 ppm) (Sowmya et al. 2013). In bottle 
gourd, GA3 was the best for seed osmopriming followed by KH2PO4 and Na2HPO4 
(Das et al. 2014). Priming the hot pepper seeds in acetylsalicylic acid was found to 
be superior over salicylic acid treatment (Khan et al. 2009b). Cowpea seeds primed 
with GA3 showed better performance compared to indole-3-acetic acid (IAA) treat-
ment (Saeedipour 2013). Solid matrix priming had a greater effect on seed germina-
tion than osmotic priming, particularly when PEG is used as the osmotic (Khan 
1992). Muskmelon seed priming with salt solutions enhanced faster germination and 
reduced the germination percentage than priming with PEG or mannitol (Nascimento 
et al. 2004). Imbibition of muskmelon seed in salt solutions allows ions to penetrate 
into the seed and reduces seed germination; however, the seed is not damaged 
because some ions like K+ are excluded from the embryo by the perisperm envelope 
(Welbaum and Bradford 1989). Seed priming with potassium nitrate (KNO3), PEG, 
or NaCl improved germination and establishment of seedling; seed priming with 
KNO3 had the most favorable effects in tomato (Govinden-Soulange and Levantard 
2008; Lara et al. 2014). Priming of rice seeds with 5-aminolevulinic acid had higher 
germination and growth of seedling than those obtained by hydro-priming (Kanto 
et al. 2015).

5.2  Temperature

Both seed priming and germination require similar temperature and other environ-
mental factors. Each crop has a different optimum temperature for germination. In 
this respect, the optimum temperature for priming and germination of tomato seeds 
was 27–28 °C (Ozbingol et al. 1998). However, priming of onion seeds at 20 °C 
gave better results (Haigh et al. 1986; Barbara 2015). This may be due to the fact 
that each plant has different optimal temperatures for seed priming. Above and sub-
optimal temperature delays germination due to a longer lag phase (Bradford 1995; 
Copeland and McDonald 2001). Low temperatures during seed imbibition can 
delay the physiological and biochemical processes of germination and take a longer 
time to achieve the same results, even though the seeds absorb a huge amount of 
water (Bradford 1986; Lee et  al. 1998; McDonald 2000). A long seed priming 
allows radical protrusion and causes permanent damage during dehydration due to 
a lower moisture (Parera and Cantliffe 1994; Di Girolamo and Barbanti 2012a, b).

5.3  Oxygen Availability

Most seeds can germinate in an atmosphere that is composed of about 20% of oxy-
gen, but in seed priming, they can even germinate at lesser levels of oxygen 
(Copeland and McDonald 2001). Seed priming decreases the seed’s sensitivity to 
lower oxygen levels. Seeds require a sufficient amount of oxygen (more than 10%) 
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during seed priming (Bujalski et al. 1989; Ozbingol et al. 1998; Farooq et al. 2012). 
At lower levels of oxygen, anaerobic respiration is taking place in some seeds, lead-
ing to an increase in ethanol to toxicity level (Furutani et al. 1986).

Aeration of soaking solution improves water uptake and decreases the time 
needed for seed priming (Yeoung et  al. 1995; Ozbingol et  al. 1998; Nascimento 
2003). This treatment promotes faster germination of seed and accelerates growth 
of seedling in many crops (Nelson and Govers 1986; Bradford et al. 1988; Ozbingol 
et  al. 1998; Nascimento 2003; Demir and Okcu 2004). On the other hand, seed 
soaking in aerated solution for a long time had deleterious effects on seed germina-
tion because of increased metabolism and salt penetration into the seeds (Welbaum 
and Bradford 1989; Nascimento 2003). Because of the low solubility of oxygen 
(50%) and mobility (10%), the relative oxygen availability to the seeds is decreased 
by 5%. Therefore, aeration system is needed to support seed respiration especially 
in a PEG solution (Bujalski et al. 1989; Bujalski and Nienow 1991). Primed seeds 
in an aerated PEG solution show more improved percentage of germination than in 
non-aerated solution (Heydecker and Coolbear 1977; Bujalski et al. 1989; Pereira 
et al. 2009). However, Cantliffe et al. (1981) found that there is no difference in let-
tuce seed germination between aerated and non-aerated solution of K3PO4. 
Moreover, soaking seeds in aerated PEG or salt solution gives more benefits than 
moist solid media (Akers and Holley 1986; Bujalski et al. 1989).

5.4  Osmotic Potential and Solution Concentration

The osmotic potential is zero in distilled water (0 MPa), and negative in priming 
solutions (> −2.0 MPa), but can reach to as very low as −350 to −50 MPa in air-dry 
seed because of the high solute content in cytoplasm. When seed is soaked in prim-
ing solution, water will move from the solution where it has a higher water potential 
into the seed where it has a lower water potential until equilibrium is reached. The 
imbibition of seed during soaking is directly related to the seed size and coat perme-
ability and hydratable substrate content (Bradford 1995; Bewley et  al. 2013). 
Concentration and water potential of priming solution are particularly important 
factors that determine the effectiveness of seed priming. High concentrations of ions 
in priming solution have detrimental effects on seed germination. They can be eas-
ily absorbed and accumulated in seed, resulting in inhibition of germination because 
nutritional imbalance and cytotoxic effects (Bradford 1995; Paparella et al. 2015). 
If the concentration is below the minimum threshold, priming treatment fails to 
initiate the expected physiological and biochemical processes of germination. On 
the other hand, if the concentration of the priming solution is too high or the dura-
tion of process is too long, seed germination will either be retarded or hampered 
completely as a result of toxicity (Sadeghi et al. 2009). The priming solution con-
centration also affects the seed performance under drought or salt stress. Priming 
with salt solutions at high concentration requires long-term treatment period and 
reduces the percentage of germination. Even though using low concentration of salt 
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solutions requires short-term treatment period, it enhances the performance of the 
primed seeds, thus increasing the germination rate, improving the seedling vigor, 
and improving salt stress tolerance (Kaymak et al. 2008; Khan et al. 2009a; Nakaune 
et al. 2012; Saranya et al. 2017).

Various studies have shown that increasing of agent (e.g., NaCl, CaCl2, KNO3, 
and micronutrients) concentration in priming solutions might reduce germination 
indices and seedling growth in many crops. These reductions may be due to the 
greater osmotic pressures and ion toxicity (Bonilla et al. 2004; Nascimento et al. 
2004; Esmaielpour et al. 2006; Diniz et al. 2009; Neamatollahi et al. 2009; Kaveh 
et al. 2011; Memon et al. 2013; Ebrahimi et al. 2014; Singh et al. 2014).

5.5  Duration of Treatment

The duration of treatments is important for some plants (Bradford 1986; Bocian and 
Holubowicz 2008). Controlled imbibition of water that forms the basis of seed 
priming technology is inherently affected by soaking duration. Priming duration 
along with the optimum concentration of any priming media used is a very impor-
tant factor that determines the germination success and seedling establishment. This 
is because water imbibition of the seeds during priming process is directed up to the 
saturation level of the seeds (Ghassemi-Golezani and Esmaeilpour 2008). Seed 
priming before radicle emergence can be beneficial. Nevertheless, further extended 
priming duration may have negative effects on seed germination due to death of the 
seedling on drying (Ajouri et al. 2004). The ideal duration of seed priming differs 
according to the priming agent type, the solution osmotic potential, species, and 
priming temperature. Jeong et al. (2000) studied the effect of duration and tempera-
ture of seed priming on seed germination of many vegetables. Priming chemicals 
were −0.50 MPa PEG 8000 for carrot, 50 mM K3PO4 for lettuce, 200 mM KH2PO4 
for onion, and 100 mM Ca(NO3)2 for Welsh onion seeds. Priming temperature var-
ied from 10 °C to 25 °C, and priming duration differed from 12 h to 5 days, depend-
ing on the crop. The seed treatment, priming duration, and priming temperature had 
significant effects on percentage germination of carrot, lettuce, and onion seeds. 
Nevertheless, the priming duration and temperature had no effects on percentage 
germination of Welsh onion seeds. Singh et  al. (2014) found that priming onion 
seeds for 24  h significantly improved seed germination (81.6%) as compared to 
12 h, 36 h, or 48 h duration, and increasing priming duration from 2 days to 6 days 
led to a significant decrease in seed germination. Moreover, priming for 36 h gave 
the fastest germination time for maize seeds among 12 h to 48 h priming duration 
(Hacisalihoglu et al. 2018).

Generally, the success of seed priming is influenced by the duration of priming 
and vegetable species. Hydro-priming for 7 and 14 h can be successfully applied to 
enhanced seed and seedling vigor of bean (Ghassemi-Golezani et al. 2010). In addi-
tion, hydro-priming for 96  h was more active in increasing seed germination of 
onion than 48 h (Caseiro et al. 2004). Saeedipour (2013) found that the phytohor-
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mone seed priming for 6 h was more effective than 12 h in cowpea seed germina-
tion. Govinden-Soulange and Levantard (2008) found that tomato can be emerged 
earlier by priming seed in PEG for 2 days than 7 days. Moreover, priming of pepper 
seeds in PEG for 6 days resulted in increasing number of abnormal seedlings 
(Cantliffe et al. 1981).

5.6  Seed Quality

Seed quality is the key factor affecting the seed priming processing. Use of vigorous 
and pathogen-free seed is recommended to get a good priming result, e.g., the per-
centage and rate of emergence (Cantliffe et al. 1981; Cantliffe and Elballa 1994; 
Wheeler and Ellis 1994). The use of good seeds is essential for seed priming. There 
are differences in seed vigor between the seed lots; therefore, the seed priming 
response may vary among seed lots. To achieve maximum viability and vigor of 
seeds, seed harvest at a time as close as the physiological maturity stage is needed 
(Brocklehurst and Dearman 1983; Bocian and Holubowicz 2008). Using seeds har-
vested at suitable time and appropriate agent with precise concentration for priming 
can increase seed germination performance, especially under drought and salt con-
ditions (Kazemi and Eskandari 2012). Melon seeds were more responsive to 
osmopriming with KNO3 when harvested at 40 days after anthesis than 60 days 
(Welbaum and Bradford 1990). Watermelon seeds of 20 days after anthesis had the 
maximum benefit of priming such as emergence percentages and rate and weight of 
seedling compared to 30 and 40 days after anthesis (Demir and Mavi 2004).

5.7  Light

Light may be necessary in some priming treatments if the species require light 
for germination. Photoblastic seeds such as lettuce and celery that need light to 
germinate may be exposed to light during seed priming to decrease dormancy 
(Khan et al. 1978).

5.8  Dehydration after Priming

Dehydration after priming by removing a large quantity of moisture from the seed 
is a key to successful long-term seed storage, so the seeds should be dehydrated to 
their original moisture level. A rapid dehydration after seed priming leads to loss of 
the advancement obtained by priming. It may alter the soluble carbohydrate con-
tent, which in turn reduces desiccation tolerance and longevity of storage 
(Gurusinghe and Bradford 2001). On the contrary, a slow drying-back may increase 
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the accumulation of late embryogenesis abundant proteins that offer a beneficial 
mechanism to improve seed longevity. However, fast re-drying at high temperatures 
may prompt the synthesis of heat shock proteins that are valuable to seed longevity 
(Gurusinghe et al. 2002). Drying seeds slowly after priming leads to regular loss of 
water that increases tolerance to dehydration damage by giving time for protective 
mechanisms to work. Moreover, a slow drying-back increased the gene expression 
involved in defense against abiotic stresses and DNA protection in seeds of Brassica 
oleracea (Soeda et al. 2005). Schwember and Bradford (2005) found that the fast or 
slow drying-back after priming lettuce seeds had lower seed longevity than non-
primed seeds.

The conditions immediately after seed priming may affect seed longevity. 
Different kinds of abiotic stresses have been used before dehydration to reserve the 
benefits of priming and to maintain seed quality. This procedure may be seen as a 
stimulating cross-tolerance to keep priming benefits and promote the defense mech-
anisms that prevent the loss of seed viability during storage. In this respect, submis-
sion of mild water stress or heat shock before re-drying increased the mean rate of 
germination and reduced the mean time of germination (Genoud and Metraux 1999; 
Nascimento and West 2000; Kranner et al. 2010; Lira et al. 2015).

5.9  Storage Condition

The longevity of primed seed is affected by many factors such as oxygen, relative 
air humidity, seed moisture content, and temperature (Rajjou and Debeaujon 2008; 
Wang et al. 2018). The lowest seed germination and growth seedling attributes were 
found when primed rice seeds were stored at 25 °C, while no significant reduction 
was observed during storage of seed at −4 °C (Hussain et al. 2015). The relative air 
humidity during storage might be more essential than the storage temperature in 
determining the longevity of seed. In general, low temperature, low relative humid-
ity, and vacuum probably establish optimum conditions for storage of the primed 
seeds (Wang et al. 2018).

6  Physiological, Biochemical, and Molecular Responses 
to Seed Priming

The period between seed planting and seedling emergence plays a crucial role in 
stand establishment of crops (Hubbard et al. 2012). Seed priming has been used to 
improve germination rate and uniformity (Gupta et al. 2008; Girolamo and Barbanti 
2012; Jisha et al. 2013). Seed priming following re-desiccation of the seed activates 
some processes stimulating germination (Asgedom and Becker 2001). Primed seeds 
usually have more and uniform germination due to decreased lag time of imbibition, 
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activation of enzyme, enhanced germination metabolism, improved repair pro-
cesses, and osmotic adjustment (Lee and Kim 2000; Farooq et al. 2006; Hussain 
et  al. 2015). Seed priming enhances performance of seed and offers earlier and 
uniform germination by physiological, biochemical, molecular, and cellular changes 
(Fig.  2) (Cramer 2002; Beckers and Conrath 2007; Di Girolamo and Barbanti 
2012a, b; Siri et al. 2013; Manonmani et al. 2014).

Phase I is characterized by the priming memory activation. During this phase, 
DNA and mitochondria are repaired, proteins are synthesized, stress response genes 
are stimulated, and signaling pathways are regulated. Phase II is the most critical 
phase, whereas the major metabolic and cellular activities are increased, resulting in 
germination initiation. In this phase, a series of proteins such as those related to 
ROS scavenging and signaling, storage, and stress response are synthesized in the 
embryo using existing and new messenger ribonucleic acid (mRNA), and the mito-
chondria and DNA are also synthesized and repaired. In Phase III, water and oxygen 
absorption increases, major reserve material mobilization occurs, embryonic axis 
elongates, and finally radicle protrudes from the coat of seed to complete germina-
tion and to start the post-germination stage (McDonald 2000; Varier et al. 2010; 
Rajjou et al. 2012; Chen and Arora 2013; Rosental and Nonogaki 2014).

The improvements conferred by seed priming are largely related to modulate the 
germination metabolic activities within the seed needed for breaking seed dor-
mancy, enzyme activation, antioxidant activities, nucleic acid (DNA and RNA) and 
protein synthesis, repair processes, transcription and translation, DNA replication, 
germination metabolism, increasing the amount of ATP and the number of mito-
chondria, repairing deteriorated seed parts, and decreasing metabolite leakage. In 
general, seed priming activates a series of biochemical, physiological, and meta-
bolic changes that are related to improve germination performance and vigorous 
growth as well as increase abiotic stress tolerance (Bray et  al. 1989; Smith and 
Comb 1991; Bewley and Black 1994; McDonald 2000; Afzal et al. 2002; Netondo 
et al. 2004; Di Girolamo and Barbanti 2012a, b; Manonmani et al. 2014; Paparella 
et al. 2015; Ibrahim 2016; Wojtyla et al. 2016).

The benefits of seed priming include the upregulation of proteins and genes 
involved in cell division, cell wall modification, transcription, reserve mobilization, 
translation, oxidative stress response, and water transport, wherein DNA and 
 membrane repair is better than normal imbibition (Dell Aquila and Tritto 1991; Giri 
and Schillinger 2003; Rajjou et al. 2012; Bewley et al. 2013; Kubala et al. 2015b).

The improved germination conferred by seed priming is associated with higher 
protein abundance involved in the oxidative stress tolerance, targeted proteolysis 
and posttranslational processing capacity, removal or destruction of dormancy 
blocks, repair of membranes, immature embryo development, and alteration of the 
tissues covering the embryo and general pre-germination metabolism enhancement 
(Dell Aquila and Tritto 1991; Giri and Schillinger 2003; Rajjou et al. 2012; Bewley 
et al. 2013; Kubala et al. 2015b).

Seed priming upregulates genes encoding proteins that are involved in weaken-
ing of endosperm, such as xyloglucan endotransglucosylase endo-mannanase and 
expansin (Nakaune et al. 2012). The improved activity and expression of these pro-
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teins might decrease the physical tolerance to protrusion of the radicle via shrinkage 
of the endosperm shrinkage, cell wall dissolution, and cytoplasm condensation 
(Sung et  al. 2008). Certain storage proteins such as cruciferin and globulins are 
identified only during seed priming and not during seed germination. Similarly, 

Fig. 2 Model for stress memory and its relation to signaling of abiotic stress in primed seed. 
(Chen and Arora 2013; Bose et al. 2018)
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stress-related proteins such as HSPs are specifically synthesized during osmoprim-
ing and not during imbibition in water. These proteins protect the cell from moisture 
stress during osmopriming, and they work as molecular chaperones and protect 
naturally damaged proteins (Afzal et al. 2002; Varier et al. 2010).

ROS at low concentration act as signaling molecules. Abiotic stress conditions 
lead to an excessive ROS production and accumulation, resulting in oxidative 
damage. They have a detrimental effect on molecules at high levels. They lead to 
DNA oxidation, which results in strand breaks in DNA, leading to germination 
failure. Seed priming stimulates the ROS generation at low levels, which reflects 
the strong activation of cell division (Bray and West 2005; Jisha and Puthur 2014; 
Wojtyla et al. 2016).

The primed seeds enhance the activity of most important enzymes that are 
implicated in cellular metabolism. These enzymes include acid phosphatase, ester-
ase, glyoxysome enzymes, and enzymes that are involved in the mobilization of 
stored reserves such as α and β amylases, and isocitrate lyase (Lee and Kim 2000; 
Lin and Sung 2001; Varier et  al. 2010; Di Girolamo and Barbanti 2012a, b). 
Moreover, seed priming increases the antioxidant enzyme activities (Afzal et al. 
2002; Sedghi et al. 2014; Sharma et al. 2014) as well as the accumulation of non-
enzymatic antioxidants (e.g., AsA, GSH, proline, and soluble sugars) (Gong et al. 
2005; Sharma and Dubey 2007; Gong et al. 2008; Farhoudi et al. 2011; Zhu et al. 
2011; Nawaz et al. 2012; Ibrahim 2016). These increases can lead to optimizing 
defense mechanisms through decreasing the production of ROS (e.g., O2 and H2O2) 
and increasing the scavenging of ROS during seed germination (Noctor and Foyer 
1998; Vranova et al. 2002; McDonald 2000; Hsu et al. 2003; Kibinza et al. 2011; 
Ansari and Sharif-Zadeh 2012; Sedghi et al. 2014; Paparella et al. 2015).

The ability to repair DNA during drying-back of seeds is associated with the 
germination progress. The pre-germinative metabolic processes that are essential to 
recover from DNA damage are ROS scavenging and mechanisms of DNA repair 
such as homologous recombination nucleotide, nonhomologous end-joining, and 
base excision repair (Huang et al. 2008).

The molecular responses to seed priming involve a DNA repair mechanism, and 
gene expression for syntheses of new RNAs and proteins (Varier et al. 2010). DNA 
repair mechanisms must be kept at suitable levels in the embryo to increase the 
chances of successful germination (Huang et al. 2008; Wojtyla et al. 2016). The acti-
vated DNA repair mechanisms during imbibition resume cell cycle progression of 
embryonic cells and undergo replication of the DNA and then enhance the germina-
tion efficiency, but defective repair of DNA leads to increased cell death (Waterworth 
et al. 2010; Kranner et al. 2010; Balestrazzi et al. 2011). DNA repair is the most 
valuable and vital process stimulated by seed priming, and it determines the potential 
benefits of seed priming (Rajjou et al. 2012; Ventura et al. 2012; Wojtyla et al. 2016). 
The increase of germination with seed priming may be associated with upregulated 
specific genes such as germination-associated, antioxidant, and plant growth-pro-
moting genes (Sadeghi et al. 2011; Sharma et al. 2015; Wojtyla et al. 2016).

Seed priming induces the expression of 952 genes and 75 proteins required to 
promote pre-germinative metabolism including transcriptional activity, DNA repli-
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cation, and repair mechanisms. Moreover, it induces expression of gene-coded pro-
teins involved in regulation and maintenance of the cell cycle (Kubala et al. 2015a), 
genes involved directly and indirectly in DNA repair (Sharma and Maheshwari 
2015), and APX, CAT, and SOD genes (Kubala et al. 2013).

7  Stresses-Induced Metabolic Changes in Germinating Seeds

Stress conditions affected negatively on seed germination in many plants (Patade 
et al. 2011; Ansari and Sharif-Zadeh 2012). Germination of seed and growth of 
seedling are the most sensitive stages to abiotic stress in the biological life cycle 
of the plants (Patade et al. 2011; Hasan et al. 2013; Fazlali et al. 2013). Even when 
high-quality seeds could be at hand, various abiotic stresses can be delayed or 
prevent seed germination (Haghighi et al. 2012). In the early phase of seed germi-
nation, abiotic stresses can cause wide oxidative damage to nucleic acids, pro-
teins, and lipids (Kranner et al. 2010; Ventura et al. 2012; Paparella et al. 2015; 
Ibrahim 2016).

Drought, salinity, and high temperature are the major abiotic stresses that 
adversely affect the development, growth, and yields of crops. They cause a variety 
of biochemical, physiological, and metabolic changes in plants that include ROS 
generation that can induce membrane lipid peroxidation, leading to membrane dam-
age, severe damage in DNA, and leakage of cell and photosynthetic component 
destruction (Hasanuzzaman et  al. 2013; Jisha and Puthur 2014; Sheteiwy et  al. 
2018). Salinity affects seed germination by making osmotic potential that prevents 
water uptake during imbibition or by toxic effects of sodium and chloride ions on 
embryo viability (Munns 2002; Khajeh-Hosseini et al. 2003; Jahromi et al. 2008; 
Daszkowska-Golec 2011; Sheteiwy et al. 2018). The toxic effects of ions disrupt the 
enzymes and other macromolecule structures, damage organelles of cell and plasma 
membrane, inhibit protein synthesis, and uncouple respiration and photosynthesis 
(Feng et al. 2002; Parida and Das 2005; Panda and Khan 2009). Moreover, salinity 
stress alters hormone balance in plant tissue. Excessive salt is related to reductions 
in auxin, gibberellins, salicylic acid, and cytokines and an increase in abscisic acid 
(ABA) and jasmonic acid (JA) in the plant tissues (Javid et al. 2011; Miransari and 
Smith 2014). Seed germination is inhibited by salinity-induced disturbance of the 
metabolic processes such as decrease in water uptake and changes in the stored 
reserve mobilization, affecting the structural organization of proteins (Foolad and 
Lin 1997; Machado Neto et al. 2004).

Plants response to salinity and drought stresses shows similar physiological 
mechanisms. The plant cell perceives both stresses as water deprivation (Tavili et al. 
2011). Meanwhile, cold stress can disturb the metabolic balance of the cell, resulting 
in a reduction of cellular respiration (Sugie et  al. 2006) and membrane damage 
(Korkmaz et al. 2010). Exposure of germinating seeds to various abiotic stresses 
resulted in oxidative stress as indicated by overproduction of ROS hydrogen perox-
ide, superoxide, and hydroxyl radicals, which are very reactive and may cause dam-
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age to cells through oxidation of nucleic acids, proteins, and lipids (Pastori and 
Foyer 2002; Apel and Hirt 2004; Bandeoglu et al. 2004; Ashraf and Foolad 2005; 
Suzuki and Mittler 2006; Munns and Tester 2008).

Plants have an antioxidant system to scavenge the toxic ROS. The efficient run-
ning of the antioxidant defense system is vital for plants to tolerate adverse abiotic 
stresses (Gong et al. 2005). ROS play two contrary roles in plants: at low concentra-
tions, they act as signaling molecules that regulate the defense response. Meanwhile, 
excess cellular levels of ROS cause damage to proteins, membrane lipids, nucleic 
acids, carbohydrates, pigments, chloroplasts, and enzymes that ultimately results in 
oxidative stress (Pastori and Foyer 2002; Apel and Hirt 2004; Bandeoglu et al. 2004; 
Smirnoff 2005; del Río and Puppo 2009; Liu et al. 2010; Goud and Kachole 2011; 
Suzuki et al. 2012; Yi et al. 2014). ROS damage depends on the equilibrium between 
production and scavenging of ROS at a suitable time and place, and this equilibrium 
may be disturbed by abiotic stresses (Gratao et al. 2005).

When plant grows under normal conditions, the ROS production and scaveng-
ing are in a dynamic balance. But when plants are exposed to various abiotic 
stresses, the ROS generation and accumulation can disrupt this delicate balance 
(Neill et al. 2002; Ashraf and Harris 2004; Munns and Tester 2008; Das et al. 2015; 
Sheteiwy et al. 2018).

ROS provokes damage to cell macromolecules (proteins, nucleic acids, and 
lipids) and ultimately to cellular structure or even damage to the antioxidative 
system (McDonald 1999; Bandeoglu et al. 2004; Ashraf and Foolad 2005; Gratao 
et  al. 2005; Munns and Tester 2008; Hela et  al. 2011; Kaewnaree et  al. 2011; 
Manaa et al. 2013).

Under abiotic stress, peroxidation of lipid may be one of the most vital molecu-
lar mechanisms involved in inhibiting germination of seed (Yang et  al. 2010). 
Abiotic stress-induced generation of ROS increases the contents of malondialde-
hyde (MDA) that is the most mutagenic product of lipid peroxidation and could 
also cause damage to the cell by reacting with cellular macromolecules (Xu et al. 
2015; Ali et  al. 2017; Sheteiwy et  al. 2018). Several studies have reported an 
increase in MDA contents under various abiotic stresses (Khan and Panda 2008; 
Ali et al. 2017; Sheteiwy et al. 2018). It is also possible to provide an indication 
of the damage of membrane at the cellular level under abiotic stress (Weisany 
et al. 2012). Therefore, its content reflects oxidative damage in the plant tissue 
(Gong et al. 2008).

The damage degree depends on the balance between ROS formation and its 
removal by the antioxidative scavenging systems that provide crucial protection 
against oxidative damage, and it appears to be a relatively more important stress- 
tolerant trait. Stress-induced ROS accumulation is countered by enzymatic antioxi-
dant systems. The antioxidative system comprises numerous enzymes including the 
antioxidant enzymes (such as SOD and CAT) and nonenzymatic compounds with 
low molecular mass antioxidants such as AsA, glutathione, thioredoxin, and carot-
enoids (Sharma and Dubey 2007; Gong et  al. 2008; Zhu et  al. 2011). Thus, the 
antioxidant capacity of plants that assist in ROS scavenging and cell protection is 
related to their salt tolerance (Gong et al. 2005; Gupta et al. 2010; Das et al. 2015; 
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Ibrahim 2016). Superoxide is converted into hydrogen peroxide (H2O2) by the 
action of SOD, and finally to molecular oxygen and water by CAT, thus preventing 
the formation of extremely dangerous hydroxyl radical from H2O2. This plays many 
essential roles within the seed during cell membrane alteration (Goel et al. 2003; 
Wang et al. 2009; Gill and Tuteja 2010; Kibinza et al. 2011).

8  The Mechanisms of Seed Priming-Induced Abiotic Stress 
Tolerance

Adaptation to abiotic stresses includes complex processes involving various changes 
such as the induction-specific genes, elevated antioxidative activities, transient 
increases in plant regulators levels, protective proteins, suppression energy-con-
suming pathways, and osmolytes accumulation (Bartels and Sunkar 2005).

Exogenous application of some agents through seed priming can enhance seed 
germination performance and seedling establishment of many plants under abiotic 
stress conditions. Seed priming is one of the useful physiological approaches that 
can be used to tolerate adverse abiotic stresses such as drought, salinity, and chilling 
in various plant species (Fig.  3) (Sivritepe et  al. 2005; Ashraf and Foolad 2005; 
Farooq et  al. 2008a; Patade et  al. 2009; Bayat and Sepehri 2012; Kazemi and 
Eskandari 2012; Khan et al. 2012; Hussain et al. 2016b). The beneficial impacts of 
seed priming may be very clear mainly under abiotic stress conditions (Ashraf and 
Foolad 2005; Beckers and Conrath 2007; Chen 2011; Chen and Arora 2013; Ibrahim 
2016; Masondo et al. 2018).

Abiotic stress tolerance assimilated by seed priming is likely reached via two 
strategies. In the first strategy, seed priming stimulates the pre-germination meta-
bolic processes such as enhancement in the energy metabolism, early mobilization 
of seed food reserves, elongation of embryo cell, and endosperm weakening 
(Corbineau et al. 2000; Benamar et al. 2003; Pandita et al. 2007; Sung et al. 2008; 
Li et al. 2010; Sun et al. 2010; Chen and Arora 2011), which provide the conversion 
of quiescent seeds into germinating state and lead to increased germination. In the 
second strategy, seed priming imposes biotic stresses on seeds, which represses the 
protrusion of the radicle but supports stress responses, inducing cross-tolerance to 
abiotic stresses, activation of enzymes, and osmotic adjustment. These stress toler-
ance strategies form a “priming memory” in germinating primed seeds that can be 
recruited following stress exposure and mediate more stress tolerance (Bruce et al. 
2007; Chen and Arora 2013; Hussain et al. 2016b; Ibrahim 2016).

Seed priming is a pre-germination exposure to stress that leaves stress memory 
in the seeds to tolerate future stresses in their environments (Fig. 2) (Beckers and 
Conrath 2007; Tanou et al. 2012). The seed priming process involves prior exposure 
to some factors that empower the plants to overcome the future stress exposure. It 
permits accelerated defense mechanism against adverse environments by inducing 
the increase of enzymatic and nonenzymatic antioxidant potential, the accumulation 
of inactive forms of signaling proteins and essential transcription factors, and the 
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SEED PRIMING (with suitable agents)

• Disintegrates biological membranes
• Disrupts the basic structure of proteins
• Disrupts the osmotic and ionic homeostasis leads to dehydration of cell
• Disrupts the equilibrium of essential metabolic functions
• Changes in hormone levels in plant tissue

• Activation of DNA repair genes
• Gene expression for new RNAs and 

proteins syntheses
• Synthesis of specific proteins
• Stress-responsive gene up-regulation 
• Mitochondria biogenesis
• Topoisomerases

• Maintained the plasma membrane lipids, 
phospholipids and sterol

• Increased tissue water status
• Improved membrane stability
• Decreasing membrane relative electrolyte 

leakage
• Enhanced expression of membrane Na+

efflux pumps
• Modification of hormonal status
• Rapid ATP production and increased ATP / 

ADP rationed energy charge

• Osmotic adjustment by accumulation of inorganic or organic solutes such as sodium, 
potassium, and chloride, free proline, soluble sugar, glycine betaine, phenolics, flavonoids 
and free amino acids

• Aquaporin regulated water movement .  Cellular and macro-molecular hydration

Increased level of soluble sugars, α-amylase, isocitrate lyase, invertases, sucrose synthase, 
GDS-like lipase and oleosine

Enhancing the activity of antioxidant enzyme activities (superoxide peroxidase, catalase, 
dismutase, glutathione peroxidase, glutathione reductase and ascorbate peroxidase), ascorbate-
glutathione cycle (ASC-GSH cycle), scavenging of reactive oxygen species and antioxidant 
compounds (e.g. ascorbic acid)

Salt Drought Heat/Cold

Secondary stress
e.g. Oxidation

Osmotic 
stressIonic stress

The mechanisms of seed priming-induced abiotic stress tolerance

PHYSIOLOGICAL MECHANISMS

CELL CYCLE REGULATION

SEED WATER RELATION

RESERVE MOBILIZATION

REGULATION OF OXIDATIVE SATATUS

Stresses-induced metabolic changes in germinating seeds

Fig. 3 The adverse effects of abiotic stresses and mechanisms of seed priming to induce abiotic 
stresses tolerance in germinating seeds
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occurrence of epigenetic changes as well as inducing of jasmonate-linked defense 
responses to the epigenetic changes (Rowse 1996; Farooq et al. 2006, 2009; Beckers 
and Conrath 2007; Bruce et al. 2007; Tanou et al. 2012; Kasote et al. 2019).

Seed priming improves the protein synthesis performance in the plant tissue; 
prompts the specific protein synthesis such as heat shock proteins (HSPs) that 
increase heat and low temperature stress tolerance; and increases L-isoaspartyl 
protein methyltransferase enzyme, which repairs tissue protein (Kester et al. 1997; 
Ji et al. 2017).

Seed priming increases abiotic stress tolerance by enhancing the accumulation of 
osmotic substances such as proline, soluble sugars, and soluble proteins that regu-
late water potential and increasing the protective activities of enzymes such as cata-
lase (CAT), superoxide dismutase (SOD), and peroxidase (POX) that defend cells 
against oxidative stress under abiotic stresses (Mittal and Dubey 1995; Bohnert and 
Shen 1999; Kazemi and Eskandari 2012; Joshi et al. 2013; Hussain et al. 2016a, b; 
Ibrahim 2016; Pal et al. 2017).

Plants overcome stress-induced osmotic effects such as salinity and drought 
through accumulation of high concentrations of organic or inorganic solutes in the 
cytoplasm (de Azevedo Neto et  al. 2005; Munns 2005; Gonçalves et  al. 2007; 
Farhoudi et al. 2011; Farouk 2011; Zhu et al. 2011; Joshi et al. 2013; Matias et al. 
2015; Ibrahim 2016).

Under abiotic stress conditions, the antioxidant system is considered as one of 
the key defense systems in germinating primed seeds to control ROS accumulation 
under abiotic stresses (McDonald 2000; Hsu et al. 2003; Gong et al. 2005; Gupta 
et  al. 2010; Das et  al. 2015; Paparella et  al. 2015; Ibrahim 2016; Banerjee and 
Roychoudhury 2018). Seed priming increases the activities of antioxidant enzymes 
such as CAT, POX, SOD, and GR and increases the level of nonenzymatic antioxi-
dants such as ascorbic acid. These actions are involved in the ROS scavenging and 
protection of seed through the reduction of superoxide and hydrogen peroxide pro-
duction (Noctor and Foyer 1998; McDonald 2000; Afzal et al. 2002; Vranova et al. 
2002; Hsu et al. 2003; Gong et al. 2008; Zhu et al. 2011; Ansari and Sharif-Zadeh 
2012; Nawaz et al. 2012; Sharma et al. 2014; Sedghi et al. 2014; Matias et al. 2015; 
Paparella et al. 2015; Ibrahim 2016; Pal et al. 2017; Kasote et al. 2019). Moreover, 
seed priming also prompts the accumulation of photoprotective pigments such as 
anthocyanin that enhances scavenging of ROS and plant protection (Banerjee and 
Roychoudhury 2016).

Seed priming reduces the accumulation of MDA that is increased under abiotic 
stresses and used as marker of oxidative stress. This reduction is associated with 
better membrane repair and inductive responses of antioxidant enzymes during seed 
priming process (Nawaz et  al. 2012; Das and Roychoudhury 2014; Dong et  al. 
2014; Paparella et al. 2015; Banerjee and Roychoudhury 2018).

Seed priming activates multiple stress-responsive genes (Wojtyla et  al. 2016; 
Paul and Roychoudhury 2017). It has a higher BnPIP1 and Bn-TIP2 gene expres-
sion in seeds during germination under osmotic and salt stresses. BnPIP1 provides 
an adequate water supply for storage and nutrient metabolism at the early stage of 
germination, leading to increased germination and tolerance to salt and osmotic 
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stresses. The induction of Bn-TIP2 may be correlated with protrusion of radicle and 
enlargement or proliferation of the cell in later phases of germination (Gao et al. 
1999). Chilling and drought tolerance in spinach primed seeds are enhanced by the 
expression of four aquaporin genes (SoPIP1;1, SoPIP1;2, SoPIP2;1, and SoıTIP) 
that contribute to water transport across vacuolar membranes and plasma to enable 
water supply to expanding tissues. Moreover, some AQP genes exhibited greater 
chilling and drought tolerance in primed seeds (Chen et al. 2013).

The beneficial effects of seed priming under salinity stress have been manifested 
in various plants like tomato (Cayuela et  al. 1996; Cuartero et  al. 2006), melon 
(Cucumis melo L.) (Sivritepe et al. 2003), hot pepper (Khan et al. 2009a, b), lettuce 
(Nasri et al. 2011), and okra (Dkhil et al. 2014). The positive effects of seed priming 
under extreme temperature stress were found in carrot (Pill and Finch-Savage 1988), 
tomato (Pill et  al. 1991), watermelon (Demir and Oztokat 2003), muskmelon 
(Nascimento 2003), and asparagus (Bittencourt et al. 2004). Seed priming of carrot 
in −1.0 and −1.2 MPa PEG 6000 improved seed performance and seedling emer-
gence under higher and suboptimal temperatures (Pereira et al. 2009). The benefi-
cial effect of seed priming on the performance of onion seed at suboptimal 
temperatures is probably associated with the increase of endo-mannanase activity in 
seeds before radicle protrusion; this enzyme is involved in endosperm cell wall 
hydrolysis (Kępczyńska et al. 2003). Seed priming alleviated thermoinhibition in 
lettuce by increasing maximum germination temperature (Schwember and Bradford 
2010). Moreover, seed priming may be beneficial for maize genotypes with known 
sensitivity to low temperature (Hacisalihoglu et al. 2018).

9  Mechanisms of Abiotic Stress Tolerance with Priming 
Agents

9.1  Priming Methods and Agents

Several seed priming methods have been extensively used and developed to increase 
the synchrony and speed of seed germination (Ghassemi-Golezani and Esmaeilpour 
2008; Eskandari 2013; Jisha et  al. 2013; Nawaz et  al. 2013; Lutts et  al. 2016). 
Osmopriming, halo priming, and osmo-conditioning are the most commonly used 
priming methods. Seed priming is the process of soaking of seed in aerated low- 
water potential solutions to permit seed imbibition but prevents the protrusion of 
radicle. Different kinds of agents are used to make low-water potential solutions 
(Bray 1995; Chen and Arora 2011). The critical success factor in seed priming is to 
let sufficient water to stimulate metabolic processes, but not enough to allow a 
further expansion and growth of the cell. The vital goal of osmopriming is to mini-
mize the oxidative stress mediated by ROS with delaying entry of water. Thus, the 
water potential of the osmotic agent is an important consideration when designing 
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a method (Taylor et al. 1998; Paparella et al. 2015). The osmopriming process is 
similar to an extended early seed imbibition, which sets in motion a gradual prog-
ress essential for activities of pre-germinative metabolism. Thus, using osmoprim-
ing as a model is particularly helpful to study the seed conversion from a dry and 
metabolically quiescent state to a hydrated and metabolically active state (Chen 
and Arora 2011).

Seed priming with many natural or synthetic compounds has been researched in 
various crops (Table 1). The commonly used agents in seed priming are polyethyl-
ene glycol, nutrients, inorganic salts, biostimulants, and pure water (Horii et  al. 
2007; Butler et al. 2009; Hussain et al. 2015; Masondo et al. 2018). Moreover, it has 
also been stated that seed priming with plant growth regulators, polyamines, and 
certain other organic sources enhances seeds’ performance in many crops. Different 
types of priming agents have different properties and effectiveness. Therefore, each 
plant species needs to be optimized for the priming solutions (Horii et al. 2007).

9.2  Polyethylene Glycol

Polyethylene glycol (PEG) is the most common substance used to control water 
potential in primed seed due to its nontoxic nature and large molecular size (6000–
8000  mw) that impedes its penetration into the seed (Thomas et  al. 2000). 
Osmopriming with PEG results in increasing the seed germination potential and 
strengthening the antioxidant system, which ultimately leads to increase in germi-
nating seed tolerance to abiotic stresses (Chen and Arora 2011; Mouradi et  al. 
2016). Germination has been reported to be enhanced by priming with polyethylene 
glycol at −1.5 MPa for 7 days in onion seeds (Dorna et al. 2013), at −1.25 MPa for 
2 days in tomato (Govinden-Soulange and Levantard 2008), and at 0.5 MPa in sweet 
corn (Ghiyasi et al. 2008). Seed priming with PEG at −0.6 MPa for 24 h at 25 °C 
enhanced the activities of PO and CAT as well as reduced the MDA content and the 
electrolyte leakage in germinating seed of Moroccan alfalfa under water deficit 
(Mouradi et al. 2016). In addition, PEG priming increased proline content in seed-
lings of sunflower under salt stress (Moghanibashi et al. 2013). Siri et al. (2013) 
found that the seed priming with PEG improved the sweet pepper quality and the 
membrane repair, which results in lipid peroxidation reduction and enhancement of 
antioxidant system synthesis responsible for removing ROS.  Moreover, gene 
expression of antioxidant enzymes was downregulated with PEG priming under 
nano-ZnO stress (Salah et al. 2015).
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9.3  Inorganic Salts

The other substances used to control water potential in seed germination are inor-
ganic salts such as NaCl, CaCl2, NaNO3, KNO3, K3PO4, KH2PO4, MgSO4, MnSO4, 
CuSO4, ZnSO4, and MgCl2 as well as organic molecules such as glycerol, sorbitol, 
proline, mannitol, butenolide, putrescine, choline, chitosan, and paclobutrazol 
(Shao et al. 2005; Su et al. 2006; Foti et al. 2008; Hasanuzzaman et al. 2010; Demir 
et al. 2012; Hameed et al. 2013) that are inexpensive and easy to remove and aerate 
compared to PEG (Farooq et al. 2005; Paparella et al. 2015).

Seed priming with inorganic salts improves the antioxidant enzyme activities 
involved in seed germination and alters the mobilization of organic substances to 
different parts of the embryo. Seed priming with ZnSO4 had higher catalase, super-
oxide dismutase, and peroxidase activities compared to hydro-primed plants 
(Aboutalebian and Nazari 2017). This treatment also alleviated drought stress by 
increasing the antioxidants in the seedlings of N. sativa (Fallah et al. 2018). Seed 
priming with NaCl increased the content of proline and soluble carbohydrate as 
well as enhanced antioxidant enzyme activities and reduced damage of seed mem-
brane (Farhoudi et al. 2011). Seed priming with NaCl improved the germination 
performance of tomato by increasing content of gibberellin via activation of gib-
berellin biosynthetic gene and genes involved in endosperm cap weakening 
(Nakaune et al. 2012). Seed priming of amaranth with NaCl decreased MDA pro-
duction and increased cell membrane stability as well as improved tolerance to 
salinity by promoting K+ and Ca2+ accumulation (Omami 2005). Seed priming with 
sodium nitroprusside increased the antioxidant enzyme activity and the contents of 
ascorbic acid, Pro, and total phenolics, resulting in alleviation of the adverse effects 
of salinity stress (Ali et al. 2017). Under suboptimal temperature conditions, seed 
priming with calcium nitrate improved germination rate and emergence of seedling 
(Batista et al. 2016). Seed priming with KNO3 improved the salt tolerance of lettuce 
seeds by increasing the activities of acid phytase and phosphatase in the roots, coty-
ledons, and shoots (Nasri et al. 2011). The beneficial impact of calcium chloride 
priming on inducing salinity tolerance may be due to the antioxidant system 
 activation and enhanced proline accumulation in cucumber seedlings (Joshi et al. 
2013). Priming of sunflower seeds with KNO3 improved the salinity tolerance by 
enhancing POX enzyme activity and decreasing MDA concentration in seedling 
(Farhoudi 2012). Seed priming with KNO3 solution decreased the activity of peroxi-
dase in Silybum marianum (Zavariyan et al. 2015). Pigeon pea seeds treated with 
CaC12 or KNO3 showed improvements in soluble sugars, free amino acids, and 
proteins during germination under salinity stress (Jyotsna and Srivastava 1998). 
Pepper seedlings grown from primed seed with KCl, NaCl, and CaCl2 had improved 
proline accumulation, water content, soluble sugar, polyphenols, soluble proteins, 
carotenoid content, and biomass (Aloui et al. 2014; Hassen et al. 2017).

Plant species reveal differences in response to PEG or salts, because they differ 
in the presence of a selective semipermeable layer, which surrounds the embryo and 
allows water absorption, preventing salt diffusion. Plants that do not have this layer 
such as cabbage and broccoli absorb ions and cause embryonic damages under 
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osmopriming. Plants that have this layer such as tomato, pepper, lettuce, and melon 
may be safely subjected to soaking in solutions of inorganic salts (Welbaum and 
Bradford 1990; Taylor et al. 1997; Welbaum et al. 1998).

9.4  Fertilizers

Different fertilizers are used to improve seed priming efficiency. In this respect, soak-
ing okra seeds in a single superphosphate or diammonium phosphate solution induced 
a higher germination percentage and accelerates seedling growth (Shah et al. 2011). 
In seed priming with nutrients, seeds are primed in a mixture of water and dissolved 
nutrients instead of pure water (Arif et al. 2005). The mineral-nutrient status of plants 
plays a vital role in enhancing plant tolerance to abiotic stresses (Marschner 1995).

9.5  Hormonal Priming

The seeds could be primed with plant growth chemicals or phytohormones, and the 
priming process is called hormonal priming. Seed priming with plant growth regu-
lators improves ulates germination and emergence of various crops (Gao et al. 2002; 
Carvalho et al. 2011). Plant hormones play a key role in plant physiology and devel-
opment by generating and transmitting different kinds of signals between and within 
the cells; the endogenous levels of phytohormones undergo significant changes 
under abiotic stresses (Iqbal and Ashraf 2013). Plant hormones play a vital role in 
modulating physiological and molecular responses to abiotic stresses, which even-
tually lead to overcome the adverse environmental conditions (Pandey 2017; Ku 
et al., 2018). Seed priming with phytohormones can increase seed germination by 
activating some enzymes such as amylase and protease, which hydrolyzed mole-
cules of starch and protein into simple available form for embryo uptake (Miransari 
and Smith 2014). Abiotic stress conditions can reduce the levels of most growth 
upregulators; however, the exogenous application of hormones may overcome their 
deficiency (Yurekli et al. 2004; Akram et al. 2012; Babu et al. 2012). Salinity stress 
is associated with an increase in ABA and JA in the plant tissues and decreases in 
auxin, cytokinin, gibberellins, and salicylic acid. These changes are an initial pro-
cess controlling the decrease of plant growth due to stress and can be alleviated by 
the exogenous application of plant growth regulators. Seed priming with several 
plant growth regulators such as salicylic acid and JA have been used to accelerate 
the seed germination, enhance the seedling establishment, and enhance the abiotic 
stress tolerance (Korkmaz et  al. 2004; Farooq et  al. 2008a; Krantev et  al. 2008; 
Javid et al. 2011). Moreover, these treatments maintain the levels of IAA and cyto-
kinin in the plant tissues that increase cell division (Sakhabutdinova et al. 2003). 
Priming of maize seeds with hormones induced abiotic stress tolerance by improv-
ing the oxidative stress tolerance (Afzal et al. 2008; Farooq et al. 2008b).
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9.5.1  Gibberellins

Seed priming with gibberellins (GAs) improves the germination rate by increasing 
the amino acid content in the embryo, which releases enzymes to digest the endo-
spermic starch when there is renewal of embryo growth at germination (Sedghi 
et al. 2014). Gibberellins play an important role in many essential processes of plant 
development and growth such as germination, stem elongation, and leaf expansion 
(Razem et al. 2006). Gibberellic acid (GA3) activates a-amylase involved in starch 
breakdown, which is stored mainly in the endosperm, and is degraded for embryo 
growth during germination (Taiz and Zeiger 2006). Moreover, gibberellins increase 
seed germination through inhibiting the activity of ABA and the related biosynthe-
sis pathways that reduce ABA amounts as well as activating the ABA-catabolizing 
enzymes (Atia et al. 2009; Miransari and Smith 2014; Younesi and Moradi 2015). 
Moreover, seed priming using gibberellic acid solution enhanced the seed perfor-
mance under both saline and osmotic stresses (Daur 2018).

Seed priming with GA3 improved germination performance and establishment 
of seedling, prepared a suitable metabolic reaction before germination, and improved 
salt tolerance in many plants by increasing the antioxidant enzyme activities and 
reducing the damage of membrane as estimated using electrolyte leakage and MDA 
biomarkers (Sedghi et al. 2010; Hela et al. 2011; Khan et al. 2012; Iqbal and Ashraf 
2013; Younesi and Moradi 2015). On the other hand, seed priming with GA3 
increased the seed germination rate and alleviated the adverse effects of drought 
stress in the early stages of seedling growth by enhancing antioxidants and proline 
content in the seedlings (Fallah et al. 2018). Primed Agropyron elongatum seeds 
with gibberellin and ABA increased activities of CAT and SOD under drought stress 
in comparison with unprimed seeds (Eisvand et al. 2010).

9.5.2  Salicylic Acid

Salicylic acid (SA) and acetyl salicylic acid are known to offer protection against 
abiotic stresses by triggering the potential to tolerate stress (Senaratna et al. 2000). 
Salicylicate is an endogenous growth regulator of phenolic nature that contributes 
in the regulation of physiological processes (Raskin 1992). Salicylicate cooperates 
with other signaling pathways including those regulated by ethylene and JA (Szalai 
et al. 2000; Ding and Wang 2003). It also increases the tolerance to osmotic stress 
and high or low temperature through the activation of guaiacol peroxidase and glu-
tathione reductase (Borsani et al. 2001; He et al. 2002; Kang and Saltveit 2002). 
The beneficial impact of seeds primed with SA on seedling growth under salinity 
stress may be due to enhanced oxygen uptake and amylase activity and increased 
soluble sugar, protein, and free amino acid contents, as well as improved mobiliza-
tion of nutrients from the cotyledons to the embryonic axis (Kathiresan et al. 1984; 
Zhang et al. 1999).

Salicylic acid priming at lower concentrations has been effectively used in 
enhancing hydrolase activities and that led to increase in a breakdown of food 
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reserve and consequential early germination of the seeds (Sakhabutdinova et  al. 
2003). Priming with SA has also been found to increase germination parameters of 
melon by improving biochemical activities of the seeds during priming process 
(Basra et al. 2007).

Seed priming with SA recorded the highest mean activity of CAT enzyme and 
total phenol content in embryonic axis and cotyledon (Pal et al. 2017) and decreased 
ROS and MDA contents under salinity stress (Sheteiwy et al. 2018). Seeds of faba 
bean (Vicia faba L.) primed with SA enhanced salt tolerance by increasing CAT, 
POX, GR, and APX activities (Azooz 2009). Maize seed primed with SA increased 
seed germination and growth of seedling under both normal and low temperature 
conditions by enhancement of antioxidant system synthesis (Farooq et al. 2008a, b). 
Meanwhile, priming with SA increased growth of rice seedling under low tempera-
ture condition via enhancing the content of soluble sugar, proline, and protein 
(Pouramir-Dashtmian et al. 2014). Lada et al. (2004) indicated that hormonal (sali-
cylic acid and gibberellin) priming increased germination of seed carrot in low tem-
perature (5  °C). Moreover, seed priming with SA enhanced temperature stress 
tolerance in spring maize by an earlier emergence, increasing tissue water status, as 
well as improving membrane stability (Rehman et al. 2012). Sunflower seed prim-
ing with SA acid increased growth, content of carbohydrate, and chilling tolerance 
(Gornik and Lahuta 2017). Fennel seeds primed with salicylic acid also had better 
seed germination under low water potential (Farahbakhsh 2012).

Seed priming with SA and sodium hydrosulfide reduced methionine, proline, 
and arginine accumulation and increased nitric oxide and glycine betaine contents 
and regulated the expression of ZmSAMD and ZmACS6 genes (genes participating 
in methionine metabolism) in maize plants under lead (Pb) stress (Zanganeh et al. 
2018). However, seed priming with SA caused higher proline and glycine betaine 
(GB) accumulation under all available water levels except 100% FC and also higher 
total soluble sugars and trehalose under severe water deficit (25% FC). Salicylic 
acid primed seeds had higher content of relative water especially under higher water 
deficiency levels (Namdari and Baghbani 2017).

9.5.3  Jasmonic Acid

Jasmonic acid (JA) applications alleviate abiotic stresses in plants through activat-
ing the antioxidant enzymes (Yoon et al. 2009; Yan et al. 2013). JA pretreatment 
improved metal stress tolerance by increasing phytochelatin accumulation 
(Maksymiec et  al. 2007). Seed priming with JA enhanced seedling growth and 
activity of SOD and POX, increased the accumulation of chlorophyll and carot-
enoid, and regulated the toxic effects of copper stress (Poonam et al. 2013). Seed 
priming with JA enhanced growth, content of carbohydrate, and chilling tolerance 
in sunflower (Gornik and Lahuta 2017).
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9.6  Polyamines

Polyamines (PAs) are known to have positive effects on development and growth of 
plant (Watson and Malmberg 1998). They include spermidine, spermine, and 
putrescine. Polyamines are small ubiquitous compounds that have been involved in 
the regulation of many metabolic processes including protein synthesis, transcrip-
tion, RNA modification, and enzyme activity modulation (Takahashi and Kakehi 
2010) as well as a variety of stress responses in plants (Bouchereau et al. 1999). 
Polyamines bind to cations and can be placed in the context of anionic membrane 
components such as phospholipids, thereby acting as cellular protectors by stabiliz-
ing membranes under high stress conditions and protecting plants against various 
abiotic stresses (Basra et al. 1994; Bouchereau et al. 1999; Kusano et al. 2008). The 
effect of exogenous PAs on seed germination depends on the type and concentration 
of polyamine as well as the embryo dormancy state (Farooq et al. 2011). Seed prim-
ing with PAs had the beneficial effects on germination and seedling vigor of differ-
ent crops (Afzal et al. 2009; Khan et al. 2012).

Seed priming with spermine improved salt stress tolerance in rice seedlings by 
minimizing oxidative damages; modulating antioxidants, osmolytes, and photosyn-
thesis systems; increasing the activation of antioxidant enzymes; and reducing H2O2 
and MDA levels (Paul and Roychoudhury 2016). Seed priming with spermidine 
(Spd) induced water stress tolerance in white clover by enhancing the activity of 
antioxidant enzymes, ascorbate-glutathione cycle, and the scavenging of ROS and 
decreasing lipid peroxidation levels, as well as improving cell membrane stability 
and starch metabolism (Li et al. 2014). Seed priming with Spd enhanced chilling 
tolerance in rice through improving the antioxidant enzyme activities; increasing 
glycine betaine, total phenolics, and flavonoid content; and upregulation of genes 
encoding enzymes that are involved in biosynthesis of PAs (Sheteiwy et al. 2017).

9.7  Ascorbic Acid

Seed priming with ascorbic acid alleviated salinity stress in pumpkin seedlings 
through increasing the catalase and peroxidase activity and reducing the respective 
enzymes’ activity, which is possibly caused by the free radical neutralization 
resulting from salt stress (Fazlali et al. 2013). On the other hand, priming rapeseed 
seeds with ascorbic acid increased germination percentage, length of root and 
shoot, seedling vigor, and activity of CAT and POX under water stress condition 
(Razaji et al. 2014). Wheat seed primed with ascorbic acid had more emergence, 
growth, and water statue of seedlings under drought condition (Farooq et al. 2013).
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9.8  Brassinosteroids

The plant hormone brassinosteroids regulate a wide range of physiological pro-
cesses. Medicago sativa seeds primed with brassinosteroids increased salinity stress 
tolerance by enhancing antioxidant enzyme activity (POX, SOD, and CAT) (Zhang 
et al. 2007).

9.9  Beta-Aminobutyric Acid

Beta-aminobutyric acid (BABA) is identified as an effective inducer of abiotic stress 
tolerance in plants. This is done by interacting with several hormones like abscisic 
acid, salicylic acid, and ethylene or by producing signaling processes cascade medi-
ated through H2O2 (Jakab et  al. 2005; Zimmerli et  al. 2008; Zhong et  al. 2014). 
Priming rice grain with BABA decreased content of MDA by decreasing the bio-
membrane’s lipid peroxidation and enhancing the activities of antioxidant enzyme, 
thus increasing the salt stress tolerance of rice seedlings (Jisha and Puthur 2016). 
Moreover, seed priming with beta-aminobutyric acid increased the total carbohy-
drate, proline, and protein accumulation and enhanced nitrate reductase activity, as 
well as enhanced the activities of antioxidant enzymes and reduced MDA content in 
green gram (Jisha and Puthur 2015).

9.10  Choline

Seed priming with choline improved salt tolerance in wheat plants by minimizing 
toxic elements (Na+, Cl−), maintaining beneficial elements (K+, Ca2+), increasing 
accumulation of glycine betaine, and decreasing oxidative stress, which reflect in 
decreasing lipid peroxidation. Moreover, choline priming alleviated salt stress 
injury by maintaining the plasma membrane lipids, phospholipids, and sterol 
(Salama et al. 2011; Salama and Mansour 2015). Moreover, choline is a precursor 
for phosphatidylcholine, which is a major membrane lipid in eukaryotic cells 
(Rathinasabapathi et al. 2000). Exogenous application of choline improved salt tol-
erance by increasing glycine betaine accumulation that synthesizes from choline via 
two-step oxidation (Sakamoto and Murata 2000; Cha-um et al. 2006; Su et al. 2006; 
Chen and Murata 2008; Salama et al. 2011).
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9.11  5-Aminolevulinic Acid

Seed priming with 5-aminolevulinic acid increased germination and growth of seed-
ling by enhancing the antioxidant enzyme activities (Kanto et al. 2015). Seed priming 
with 5-aminolevulinic acid increased chilling tolerance in two rice cultivars through 
improving the antioxidant enzyme activities (POD, SOD, APX, and GPX); increas-
ing glycine betaine, total phenolics, and flavonoid content; and upregulation of genes 
encoding enzymes that are involved in biosynthesis of PAs (Sheteiwy et al. 2017).

9.12  Glycine Betaine

Priming of pepper seeds with glycine betaine (GB) increased the salt tolerance by 
enhancing the SOD enzyme activity and increasing proline content as well as reduc-
ing MDA content (Korkmaz and Sirikci 2011). The beneficial impact of glycine 
betaine priming on inducing salt tolerance in safflower may be due to the activation 
of SOD and CAT as well as the prevention of cell membrane damage by reducing 
oxidation of membrane lipid and improving the ion homeostasis (Alasvandyari 
et al. 2017). Seed treatment with GB also regulates chilling stress tolerance in cot-
ton seedling by increasing antioxidant enzyme activities and decreasing H2O2 con-
tent and cell membrane damage (Cheng et al. 2018). Seed soaking can overcome the 
injurious effects of water stress on canola plants by increasing proline, IAA, and 
total soluble sugar content and activating the antioxidant enzymes as well as 
decreasing MDA and H2O2 (Dawood and Sadak 2014).

9.13  Melatonin

Seed priming with melatonin alleviated salt stress effects on maize by increasing the 
activities of antioxidant enzymes and increasing relative water, total phenolic, and 
proline content, as well as reducing Na+ content, lipid peroxidation level, and mem-
brane relative electrolyte leakage (Jiang et al. 2016). Seed priming with melatonin 
alleviated salt stress in faba bean seedlings by increasing the content of K+, Ca+2, 
indole acetic acid, total carbohydrate, pigments and total phenolic, and K+/Na+ and 
Ca+2/Na+ ratios (Dawood and EL-Awadi 2015).

9.14  Chitosan

Solid matrix priming with chitosan enhanced the speed of seed germination and 
seedling growth under salinity stress (Sen and Mandal 2016). Chitosan priming 
improved wheat seed germination and vigor of seedling under osmotic stress made 
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by PEG (Hameed et al. 2014). Seed priming with chitosan had positive effects on 
seed germination and vigor of seedlings due to the resynthesis and activation of 
some enzymes, the reserve mobilization of food material, and the synthesis of DNA 
and RNA as well as activation of germination-responsive genes (Sadeghi et  al. 
2011). Seed priming with chitosan reduced the mean germination time; enhanced 
the germination index, seedling vigor, and activity of POX and CAT; and reduced 
the content of MDA and relative permeability of plasma membrane as well as 
increased the soluble sugars and proline concentrations in the maize seedlings under 
low temperature stress (Guan et al. 2009).

9.15  Butenolide

Butenolide improved seedling emergence, vigor, and growth in pepper (Demir et al. 
2012). Seed priming with butenolide stimulates many of the physiological, bio-
chemical, and molecular mechanisms that are involved in germination and seedling 
growth such as increasing replicated DNA (Jain and van Staden 2007) and stimula-
tion of the cell division cycle and mobilization of storage (Soos et al. 2009) as well 
as activation of enzymes that hydrolyze storage reserves (Bailly et al. 2001). Also, 
it can alleviate the adverse effects of high temperature and low osmotic potential on 
germinating seeds (Ghebrehiwot et al. 2008).

9.16  Biocompatible Silver Nanoparticles

Biocompatible silver nanoparticles (AgNPs) can be applied as nanopriming agent. 
Seed priming with AgNPs can improve seed germination performance in at least 
three probable ways. Firstly, it can internalize seed coat and support water uptake, 
resulting in stimulation of seed metabolic activity and starch hydrolysis during ini-
tial imbibition (phase I). Secondly, it could increase α-amylase activity to fasten 
starch hydrolysis, leading to increased available soluble sugar content that enhances 
the growth of embryo and seedlings. Thirdly, they could mediate ROS generation, 
especially H2O2 that could act as signal molecules for promoting the upregulation of 
aquaporin genes that stimulate germination process and participating in loosening 
of cell wall and weakening of endosperm (Mahakham et al. 2017). The role of seed 
priming with AgNPs in alleviating the adverse effects of salinity stress has been 
reported (Abou-Zeid and Ismail 2018).
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10  Conclusion

Abiotic stresses such as salinity, drought, and extreme temperature are the main 
challenges in agriculture. These stresses often result in different kinds of damage 
and activate different cellular responses and signaling pathways. Seed priming is a 
useful method to overcome the adverse effects of abiotic stresses in crops. Seed 
priming enhances cell signaling pathways and activities of plant defense-related 
responses. It has been detected that certain physiological, biochemical, and molecu-
lar changes are prompted by seed priming. The beneficial effects of seed priming 
are associated with the mobilization of reserve food, the repair of mitochondria and 
membranes, the repair and building up of nucleic acid, and the activation of genes 
involved in enzyme synthesis. Seed priming also regulates DNA replication, trans-
lation, and transcription. It will be necessary to develop suitable priming methods 
and agents for different plants to enhance abiotic stress tolerance in a sustainable 
manner. Moreover, future research efforts should focus on the molecular, biochemi-
cal, and physiological changes induced by seed priming under various abiotic 
stresses.
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Abstract In the perspective of seed technology, physical methods that were gener-
ally used to increase the plant production provide advantages as compared to con-
ventional methods that use chemical substances. The impacts of physical treatments 
for invigoration in seeds tended to be addressed at different levels that include 
changes in the gene expression, the structural and morphological aspects, and 
metabolite or protein accumulation. The physical methods used for the pre-sowing 
treatments are irradiation with microwaves (MWs), magneto-priming, and ionizing 
radiations (IRs). “Magneto-priming” depends upon the use of magnetic fields and 
portrayed as a cheap, noninvasive, and eco-friendly technique with demonstrated 
gainful impacts on vigor, crop yield, and seed germination. Radiation such as 
gamma rays and X-rays has been generally viewed as a powerful contrivance in 
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food technology and agricultural sciences. Positive impacts on seedling vigor, 
health, and germination were aroused by ultraviolet radiations (UV) that include 
UV-C and UV-A. Among all the identified physical treatments, a connected and 
basic research is yet expected to characterize the genotype, optimal dose required, 
and irradiation conditions that all depend on environment. Electron spin resonance 
has a huge prospective in regard to seed technology not correctly scrutinized to a 
point in time to end the treatment. Physical methods for the seed invigoration were 
described in the current chapter as well as emphasized to address the needs of seed 
technologists, trade makers, and producers by using the physical methods.

Keywords Seedling hardening · Chemical priming · Hydropriming · 
Phytohormones · Cross-tolerance

1  Introduction

The greatest difficulties that humanity is confronting are enhancing the supportabil-
ity of agriculture while decreasing its ecological effect, to meet the food demand of 
the developing worldwide population (Edmondson et al. 2014). The impression of 
agricultural manageability depends on creative innovations and new methods with 
no antagonistic consequences on nonmarket goods.

Seeds with high vigor are intermediary of sustainable productivity and establish-
ment of crop. The estimated seed market of the European Union in 2012 stretched 
up to 7 billion Euros as compared to 20% of world market, positioning third after 
China and the USA. Chemical compounds were generally used in modern agricul-
ture, while the utilization of physical methods may speak in this monetarily focused 
on setting, inventive biotech/molecular tools, products, and treatments which are 
critical to accelerate the consolidation procedure of the seed industry.

Despite the extensive role of chemical methods in modern agriculture, the physical 
methods can also be able to play an alternative role to boost up the production in 
agriculture and can also be used for the storage and plant protection (Aladjadjiyan 
2012). More benefits were obtained by adopting physical methods for seed invigora-
tion as compared to the extensively used chemical treatments that involve the use of 
chemical substances. One of the advantages of physical methods is that they decrease 
the use of fertilizers, thereby lessening the contamination of the raw materials pro-
duced on the farm. Another benefit provided by the physical method is the disinfec-
tion of the seed during storage and before sowing (Aladjadjiyan 2012). Conceivable 
methodologies include ionizing radiation (IR), electromagnetic waves (EW), ultra-
sound waves (UW), and magnetic fields (MF). Extensively studied topic of the twen-
tieth century is the treatment of the food using irradiation to ensure the greater shelflife 
and microbiological security; as a result, there is more concern towards the use of 
irradiation for the security of the food supply (Farkas and Mohácsi-Farkas 2011). The 
space research has shown great interest in studying the potential effect of irradiation 
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on living organisms. Experiments revealed that Gamma rays and X-rays impede the 
growth of crop plant (Wolff et al. 2014; Arena et al. 2014). Because of such restric-
tion, the cultivation of higher plants in space was impossible without new agriculture-
related technologies that help to understand the possible effect of space factors on the 
environment but also on the development of greenhouse (De Micco et  al. 2014). 
There is also a need to address the problems related to the development and the 
growth of plants in such extraterrestrial environment (Wolff et al. 2014).

Effect of physical treatments for invigoration in seeds tended to be addressed 
at different levels that include changes in the gene expression. Plant system 
serves as exceptional representations of the biological response to various fac-
tors related to environment that include the mutation in the cell due to certain 
chemical and physical substances (Macovei et  al. 2014; Zaka et  al. 2002; 
Confalonieri et al. 2014; Balestrazzi et al. 2011).

Effect of physical treatment on plants depends upon various factors such as MF 
or radiation (complete dose, its rate and type) and plant characteristics, i.e., cultivar, 
species, age, ploidy, and complexity of the target tissue or organ (De Micco et al. 
2014). Recently, many interesting reports were published in toxological sciences 
about the usage of very minute concentation of toxins for the purpose of stimulation 
which is called hormesis (Belz and Piepho 2012; Calabrese and Baldwin 2000). It 
has been stated that germination, production of the photosynthetic pigment, and 
plant growth were stimulated by doing seed irradiation (Macovei et al. 2014; Kovács 
and Keresztes 2002; De Micco et  al. 2014). However, the reports also stated the 
disastrous impacts of these irradiations were also seen in case of long exposure.

Priming is a well-recognized treatment that enhances the quality of the seed by 
temporarily stimulating the pre-germinative metabolism that in turn activates the 
processes related to DNA repair and antioxidant functions (Paparella et al. 2015). 
Priming of seed has arisen as an effective method to increase seed germination and 
seed vigor; seed priming also proved to be an effective method during field establish-
ment and for seed growth during adversative environmental condition (Hussain et al. 
2015; Ventura et al. 2012). By using treatments like osmopriming and hydropriming, 
the low vigor seed can be cured. In the perspective of seed technology, physical 
methods were proved to be more efficient when compared to the methods that were 
conventionally used (Bilalis et al. 2012). Extensively used physical method in the 
field of agriculture for pre-sowing treatment of seed was the usage of magnetic field 
(Aguilar et al. 2009). Magnetic field technique was generally noninvasive, cheap, 
and eco-friendly (Efthimiadou et al. 2014; Bilalis et al. 2012). This review will also 
address other physical treatments like UV radiation, microwave radiation, gamma 
rays, and X-rays.

The current manuscript addresses some of the extensively used physical 
methods of seed treatment and highlighted the possible advantages and disad-
vantages of these physical methods. Also, the future perception related to the use 
of the  technique will also be discussed to meet the needs of the trade makers, 
consumers, and seed producers.
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2  Magneto-Priming: An Appropriate Invigoration Protocol

The effects produced by the magnetic field in living organism are extensively studied. 
Magnetic field of the Earth is (50 μT) as stated by Belyavskaya (2004). The unit of 
magnetic flux density 1 tesla (T) is equal to 1 kg s−2 A−1; here, A stands for Ampere 
that is defined as electric current flowing with a charge of 1 coulomb per second. For 
the first time, the impacts of magnetic field on plants were described by Krylov and 
Tarakanova (1960); the phenomenon of magnetotropism was described as the auxin-
like impact produced on the germinating seed by magnetic field. The techniques used 
in agriculture for the purpose of seed priming are electromagnetic field (EMF) and 
static magnetic field (SMF) that produced positive effects on crop yield, seed vigor, 
and seed germination (Baby et al. 2011). Static magnetic field (SMF) is considerably 
different from electromagnetic field (EMF). Static magnetic field can only be pro-
duced by a permanent magnet as produced by earth magnetic field or by the help of 
industrial processes; electromagnetic field is produced by electrically charged enti-
ties being extended indeterminately in space (Mitchell and Cambrosio 1997).

In the perspective of seed technology, the possible effects exerted by magnetic 
field were studied in order to derive the full potential of the magnetic field for the new 
seed treatments. The beneficial impacts produced by the magnetic field in order to 
improve the accumulation of the biomass and germination parameters were dis-
cussed for a wide range of plants by Teixeira da Silva and Dobránszki (2015). The 
current studies tested range of the magnetic field from 0 to 300 mT. Seeds that were 
primed with magnets show improved vigor, germination rates, root development, and 
seedling biomass. Tolerance to abiotic and biotic stress was increased by using mag-
netic field treatment (De Souza et al. 2006; Anand et al. 2012). Bhardwaj et al. (2012) 
described the enhanced antioxidant activities of catalase (CAT), glutathione reduc-
tase (GR), and superoxide dismutase (SOD) in magneto-primed cucumber (Cucumis 
sativus L.) seeds. Soybean (Glycine max (L.) Merr. var. Js-335) seeds that were mag-
neto-primed produce lower amount of superoxide radicals (O2

•– ) (Baby et al. 2011). 
Therefore, magnetic field treatments have the added potentiality to be used for 
diminishing the disease-induced or drought effects on the productivity of crop.

On the basis of underlying assumptions, a tremendous interest was generated to 
study the biochemical, physiological, and molecular mechanisms involved to gradu-
ally improve the performance of the plants with magneto-primed seed. (Baby et al. 
2011; Vashisth and Nagarajan 2010; Anand et al. 2012; Javed et al. 2011; Table 1) 
like sunflower (Helianthus annuus L.) seeds. Magnetic field acts as a priming agent 
in such a way to enhance the performance of the seeds. Seeds that were treated with 
magnetic field show enhanced protease, dehydrogenase, and alpha-amylase activi-
ties as compared to nontreated seeds. However, higher activity level of hydrolyzing 
enzymes was seen in seeds treated with static magnetic field (SMF) that related to 
the seedling vigor, germination, and rooting traits.

A very little information is available about the mechanism of plant’s responce 
against magnetic field and their signal transduction pathway. Blue light photorecep-
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tors–cryptochromes were responsible for the signaling of magnetic field in plants 
(Ahmad et al., 2007). However, there is still a need to fully understand the mecha-
nisms involved in magnetobiology and the possible genotoxic impacts involved in 
the usage of magnetic fields (Ghodbane et al. 2013). In order to increase the seed 
vigor, seed germination, and photosynthetic capacity of plants primed with mag-
netic fields, there is still the need to fully understand the mechanisms lying behind 
the process.

In horticultural crop, environmental factors like humidity, light, and temperature 
are associated with good performance of seed, but the impact produced upon the 
application of environmental factors with magnetic field still remains unclear. By 
using the resulting knowledge, new seed treatments that were also locally adapted 
can be developed. Poinapen et al. (2013) exhibited that how the collective effect of 
magnetic field and environmental factors affect seed performance and viability in 
tomato (Solanum lycopersicum L.) in laboratory. It was shown that, during early 
stages of seed germination, relative humidity played a crucial role in modulating the 
performance of magneto-primed seeds.

Table 1 Magnetic fields (MFs) effects on seed and seedling performance

Species
Magnetic fields 
(MFs) intensity Effects described References

Quercus suber 0.015 mT Seedling biomass and sprouting 
improved

Celestino et al. 
(2000)

Vicia faba 0.1 mT Seedling growth improved Rajendra et al. 
(2005)

Solanum 
lycopersicum

100 and 
170 mT

Increased biotic stress tolerance with 
improved growth and biomass

De Souza et al. 
(2006)

Helianthus 
annuus

50 and 200 mT Rate of germination increased
Enhanced biomass accumulation and 
seedling length

Vashisth and 
Nagarajan (2010)

Glycine max 200 and 
150 mT

Improved efficiency for biomass 
accumulation and light harvesting

Baby et al. (2011) 
and Shine et al. 
(2011)

Tagetes patula 100 mT Enhanced germination, seedling 
emergence, and metabolism of starch

Afzal et al. (2012)

Zea mays 100 and 
200 mT

Enhanced photosynthesis, water status 
of leaf and seedling growth drought 
stress

Anand et al. (2012)

Cucumis 
sativus

200 mT Enhanced seedling emergence, 
germination, starch and anti-oxidative 
metabolism

Bhardwaj et al. 
(2012)

Vigna radiate 5 mT Enhanced seedling vigor, germination, 
anti-oxidative, and starch metabolism

Reddy et al. (2012)

Triticum 
aestivum

30 mT Neither seed germination improved for 
seedling growth. Under soil flooding, 
enhanced antioxidant potential

Balakhnina et al. 
(2015)
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3  Ionizing Radiation Treatments

3.1  Gamma Radiation, Most Promising Technique

Recent studies are usually based on ionizing radiation in agriculture for food secu-
rity. Gamma (γ) radiation are irradiation of high energy type, so it penetrates into 
plant and foods easily (Jayawardena and Peiris 1988). Application of γ-rays is done 
usually using cobalt-60 (Moussa 2006) in the form of Gray (Gy), i.e., 1 Gy is equal 
to the amount of absorbed irradiation per kilogram. But when biological material 
was used for treatment then amount of irradiation count in sievert units. Dose rate 
can also be used as starting treatments. For high sterilization conditions, γ-rays are 
used such as microbial experiments or insect-pest pathogenic treatments. They are 
also used as pest prevention agent. In food security, γ-rays help to cease sprouting 
of vegetables and delay ripening of fruits by stopping the important enzymes and, 
thus, increase shelf life (Moussa 2006; Mokobia and Anomohanran 2005). 
Furthermore, γ-rays also cause mutation and are helpful tools in plant breeding for 
the purpose of new traits and varieties’ improvement (Irfaq and Nawab 2001).

Among the diverse radiobiology features, the topic that is gaining remarkable atten-
tion is the depiction of the gamma rays’ effects on seeds. Commencing study mainly 
focused on the impact of low-dose rate on seeds and their germination percentage. 
Gamma rays directly affect the proteins, nucleic acid, and cell membranes at any stage 
(Kovács and Keresztes 2002). However, an unintended action is described by the pro-
duction of reactive oxygen species (ROS) as of water radiolysis (Esnault et al. 2010; 
Borzouei et al. 2010). Reactive oxygen species have the ability to damage and diffuse 
the cellular organelles and macromolecules. Nonetheless, strength of γ-rays depends 
upon dose rate, duration, and intensity. Gamma rays when delivered enhance the 
establishment of seedling and germination percentage and thus act as a priming agent.

In seed technology field, gamma irradiations are used for seed invigoration and 
as dynamic force for inspecting the molecular mechanism which involves the acti-
vation of seed response to the available physical treatment. After that, the effect of 
gamma rays was studied on seeds of Arabidopsis thaliana for evaluating the bio-
logical responses (Qi et al. 2015). Germination index was stimulated when seed is 
irradiated with total doses that were lower than 100 Gy. Similarly, the growth rate of 
seedling, root length, and weight were found to be significantly increased as com-
pared to control. Among the tested doses of irradiation, A. thaliana seeds with 
50 Gy dose showed the high positive impacts in all growth parameters. With γ-rays, 
it was also proved that it enhances all the seedling parameters along with germina-
tion performance in crops as well as woody plants. Maity et al. (2005) examined 
γ-ray-induced impacts on Phaseolus mungo L. and Oryza sativa L. cv-2233 seeds. 
Range of the radiation applied is 50–350 Gy dose. Irradiation with less doses helps 
to enhance the morphological traits, i.e., shoot number, number of seed per panicle, 
plant height, and panicle length. However, high-dose exposure is reported to bring 
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negative effects on the seedling growth parameters. For example, in rice, the greater 
stimulatory dose matched to 50  Gy, while P. mungo showed improvement with 
200 Gy radiations. Their effects on maize were also considered (Marcu et al. 2013).

A test was conducted to compare radiation sensitivity of plant germination rate 
and photosynthetic pigment contents among different seeds conditions. The trigger-
ing effects of gamma rays were also observed at 2–30 Gy as low doses and 70 Gy 
as high doses presented to be detrimental to plant response. Through all research, it 
was clear that low dose of irradiation has a constructive output on yield traits in 
crops, as well on the seedling establishment and germination. Two pre-sowing treat-
ments, i.e., gamma radiation (300, 400, and 500 Gy) and simple hydropriming, were 
applied on okra and activated the metabolic reaction. Both treatments were applied 
for the improvement of seedling conditions and germination rate. Application of 
γ-rays with 400 Gy showed superior results in germination, quality of seeds, and 
yield along with photosynthetic capacity (Hegazi and Hamideldin 2010). Hence, 
results showed that the efficacy of dose and radiation on germination and yield traits 
relents on seed species.

γ-rays treatments could not only be used for crops species but also for the con-
servation of native species. For this purpose, seeds of Moluccella laevis L. were 
tested on seedling stage (Minisi et al. 2013). Corresponding to previous explana-
tions, γ-rays treated at 5 Gy as minute dose increase the percentage of germination 
than untreated samples or those treated with up to 20 Gy. Low-dose γ-rays also have 
the ability to stimulate seed vigor, germination, and growth of seedling in deadly 
nightshade (Abdel-Hady et  al. 2008), wild oat (Avena fatua L.) (Maherchandani 
1975; Majeed et al. 2010), garden cress (Lepidium sativum L.) (Dubey et al. 2007), 
and okra (Abelmoschus esculentus L. Monch.) (Moussa 2006). Collective evidences 
were similar in all these works that the less number of doses of γ-rays resulted in 
advantageous action in seeds that are physically treated, which hysterics the defini-
tion of hormesis (Luckey 1980, 2006). The threshold of low dose is typically placed 
just above the background of natural radiation levels (2.4 millisievert per year) and 
demarcated by the border between bionegative and biopositive effects. Hormesis 
signifies an adaptive retort of organisms and cells to intermittent and moderate 
stresses, thus provoking the initiation of repair mechanism and cellular defense 
against the stress-causing agent, or else missing in the lack of stress (Calabrese and 
Baldwin 2000; Mattson 2008).

Molecular and biological processes which can be benifited by radiation hormesis 
are still under argued. Various researchers pointed out reactive oxygen species pro-
duction in seed in response to γ-rays, subsequently they acted as signaling molecules 
and antioxidant responses in stress. Resultantly, radiation-treated plant can tolerate 
the common stresses, i.e., water loss, temperature variation, and light intensity dur-
ing growth (Gicquel et  al. 2012). Abdel-Hady et  al. (2008) and Sjodin (1962) 
appealed that low-dose gamma irradiation enhanced enzyme activity as well as pro-
teins and nucleic acid synthesis in seeds.
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Constructed on this, it is clearly described that significant increase is achieved in 
seed metabolism which further breaks dormancy and improves germination of 
seeds. Study was also conducted for the evaluation of chronic and severe gamma 
irradiation effects on genetic stability and expression in seeds (Kovalchuk et  al. 
2007). In retort to acute radiation, the plant metabolism is moved to activation of 
mechanisms for pro-survival, immediate repair of the damage, and perhaps the inhi-
bition of cell differentiation/cell division. In distinction, chronic irradiation acti-
vated an alternative response, based on gene expression that involved in general 
stress and metabolism of nucleic is motivated. Furthermore, the output of the fol-
lowing study also expresses the variation in methylation pattern and chromatin 
modification, which are interlinked by chronic radiation.

Through all these researches, it was obvious that efficient results were attained 
by low-dose treatment of γ radiations in seed technology with low-dose treatment 
which gives efficient results. Nonetheless, additional studies are desirable to com-
prehend the molecular base evaluation, essential in the enhanced growth/response 
detected in exposed seeds. In spite of the advantageous features cited, γ-irradiation 
treatments in a seed equipment perception are subject to the proper formation of γ 
radiation conveniences able to graft at an industrial scale. Solicitation of this seed 
invigoration method still involves a widespread research imperative to describe the 
optimum conditions (dose rate, total dose) which should be contingent to genotype, 
crop species, and environmental background.

3.2  How Are Seedling Development and Seed Germination 
Affected by X-Rays

Impact of X-rays on living organisms has not yet been completely assumed. The 
wavelength of X-rays from 0.01–10nm in range of electromagnetic spectrum and 
carry energies between 120 eV-120 KeV. In agriculture, Lenient X-rays from 0.12 
to 12 keV are considered best for agriculture products (Kotwaliwale et al. 2014). In 
contrast, in humans, X-rays have broad-spectrum use in medical as well as in 
research on plants (Beard et al. 1958).

According to De Micco et  al. (2014) and Einset and Collins (2015) after the 
1960s, various researches have been published on the seed treated with X-ray radia-
tions. Cumulative X-ray irradiation doses have been found to have a negative impact 
on root growth and germination of date palm seeds (Al-Enezi et al. 2012). On the 
contrary, researchers also found out stimulatory impact on growth of leaf of x-ray 
irradiation with 0.56  Gy radiation level. However, in tomato, with treatments of 
X-rays on seeds, significant increases in anatomical and ecophysiological character-
istics are reported (De Micco et al. 2014). The complete results presented that devel-
opment and germination of functional leaves were not dependent on doses.

In addition, during seed treatment with high dose of X-ray radiation, there are 
minor changes in leaves structure that structurally resulted in poor photosynthetic 
efficiency. The documentation of candidate species that were radiation-resistant can 
be a significant achievement in agricultural research (Arena et al. 2014).
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Previously, very little information have been presented about the effects of X-rays 
on crops due to focusing only on plant physiology. New evidences related to physio-
logical and molecular mechanisms essential for the resistance of plant tissues to X-rays 
could be revealed by using profiling techniques that were globally used (e.g., Omics).

3.3  Seeds Treatment with Ultraviolet Radiation

With the diminution of stratosphere ozone layer, assessment of solar ultraviolet (UV) 
radiation to the earth is more. Numerous studies showed the effect of UV radiation 
on plant and ecosystem (Kovács and Keresztes 2002; Heisler et al. 2003). A few stud-
ies reported the impact of UV radiation on seed germination and its biology (Table 2).

Since radiation is exceptionally destructive to organisms, it is not recommended 
for an organism under natural conditions (Hollósy 2002). Furthermore, this UV-C 
radiation is able to penetrate rapidly into plant tissues and is nonionizing, which 
maintains its prospective as a germicidal agent. Cabbage is treated with low dose of 
UV-C and resisted to black rot (Brown et al. 2001). Again, UV-C also has great 
impact on growth parameters and quality in green house. Pre-sowing treatment of 
lettuce with UV-C resulted in high salt stress. So, the consequences exhibited that 
seedlings treated with UV-C were competent to alleviate the effect of extreme salin-
ity; it might be possible due to the enhanced free radical foraging activity in leaf 
tissues (Ouhibi et al. 2014).

In spite of UV-B radiation containing only 1.5% of the total spectrum, physiol-
ogy of crops is also affected by radiation, including damaging of DNA, protein, 
and membranes resulting in restriction of growth of plant and thus reduction in 
photosynthesis (Choudhary and Agrawal 2014; Hideg et al. 2013). Their impacts 
are studied in mash bean for seedling growth, germination, and development 

Table 2 Ultraviolet radiations (UVs) effects on seed and seedling performance

Species UV type Effects References

Carthamus 
tinctorius

UV-B Hampered seedling growth with improved 
rate of germination

Farokh et al. (2010)

Arachis 
hypogaea

UV-C Improved seedling vigor and germination 
rate. Tolerance in seedlings against root 
infecting fungi

Siddiqui et al. (2011)

Vigna radiata UV-C; 
UV-A

Improved seedling vigor and germination 
rate. Tolerance in seedlings against root- 
infecting fungi

Hamid and Jawaid 
(2011) and Siddiqui 
et al. (2011)

Vigna mungo UV-B Reduced germination in hydrated seeds, 
suppressed photosynthetic pigments, also 
decrease in root and shoot development

Shaukat et al. (2013)

Phaseolus 
vulgaris

UV-C Improved rate of germination as well as 
bioactive molecules in seed

Guajardo-Flores 
et al. (2014)

Lactuca 
sativa

UV-C Improved stress tolerance against NaCl Ouhibi et al. (2014)
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(Shaukat et al. 2013). In contrast, authors described improved results in germina-
tion rate with UV-B light but not for germination percentage which remained same 
as earlier. Besides, many harmful results are clear using UV-B light, i.e., decreased 
length of root and shoot. Biochemically, it increases the amount of total soluble 
phenols and activity of tyrosine ammonia lyase.

UV-A radiation signifies about 6.3% of the received solar radiation and is consid-
ered as less dangerous (Hollósy 2002). Hamid and Jawaid (2011) examined the 
impacts of UV-A radiation on the seeds of mung bean and the results were  auspicious 
and exhibited the improved results in germination rate and seedling performance 
with root–shoots length and leaf area. This is the only study which is accessible to 
the researcher for further research. However, a deeper insight is still requested to 
elucidate about the molecular mechanisms underlying the improvements occurring 
in the UV-treated seeds.

3.4  Microwaves Potentialities in Seed Technology

The main component of electromagnetic spectrum is microwave having fre-
quency ranging from 300 MHz-300 GHz. So the electromagnetic radiation has 
both thermal and nonthermal effects in biological systems (Banik et al. 2003). 
Furthermore, different biological effects are caused by microwave such as wave 
forms, frequencies, duration of exposures, and modulation (Vian et  al. 2006). 
Meanwhile, various studies show that a very limited literature is available on the 
effects of microwaves on humans and animals (Jayasanka and Asaeda 2014). 
When living tissue absorbed MW radiation, it brings dipole rotation in electron 
orbit and, hence, leads to the fast and selective heating. Interestingly, present 
studies focus on 2.45 Ghz radiations, which is occupied by molecule of water in 
living cells (Iuliana et al. 2013).

In seed technology before sowing and storing of seed, nonlethal MWs treat-
ments have been widely used (Knox et al. 2013). Remarkably, growth of weeds 
can be prevented by MWs treatments (Sahin 2014). So, MW treatment is an 
alternative way of chemical control of weeds because it has no hazardous effect 
on environment; therefore, it is valid on greenhouse of horticulture and some 
ornamentals nurseries.

Nowadays, big problem in the field of agriculture is poor seed germination, 
but the seed invigoration treatment is the best method for enhancement rate of 
 germination (Table  3). Effects of wireless routers, MWs, and mobile devices, 
were also studied in three aromatic species, i.e., Parsley, celery, and dill (Soran 
et al. 2014). So the seeds of these three species were bare and used to assess the 
effects on leaf anatomy, volatile emissions, and essential oil content. Results 
revealed effect of MWs on three species-induced chemical and structural 
modifications.
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4  Effects of Physical Seed Invigoration Studies by Physical 
Methods

Through electron paramagnetic resonance (EPR), which analysis of short lived spe-
cies, i.e., reactive oxygen species for their quantitative and qualitative, can be mea-
sured? This potent tool, presently known as one of the most sensitive and specific, 
upswings from the novel studies in quantum mechanics supported by Zeeman 
(1897). That becomes necessary to the research based on biological system with 
transition metals and organic radicals (Sahu et al. 2013).

Electron paramagnetic resonance active system comprises a molecular orbit con-
taining single unpaired electron. In the absenteeism of MF, same energy is pos-
sessed by the two quantum states. When a magnetic field is activated, increase in the 
energy state with decrease in the energy of −1/2 state depends upon the magnetic 
field strength. Single unpaired electrons were able to change their orbit state, and 
thus, actions related to the energy absorption are supervised and then converted into 
a spectrum (Weil and Bolton 2006). By using trace molecules, i.e., spin probes, EPR 
resolution can be further improved, which are artificially presented in the biological 
systems that are targeted. With the ability of stable diamagnetic tracer, molecules 
are capable to fix the momentary reactive oxygen species and instigate long-lived 
paramagnetic spin adducts, i.e., radical species. The second gather in cells during 
hours or minutes enables detection through EPR (Sahu et al. 2013). Electron para-
magnetic resonance spectroscopy is presently used in planta to dichotomize and 
comprehend the varieties of functions played by reactive oxygen species in stress 
response and plant growth regulation mechanism (Steffen-Heins and Steffens 2015).

The prospective of this instrument for the purpose of high-resolution summariz-
ing of radicals in seeds is still abundantly exploited. EPR is ominously added to 
comprehend the role of free radicals in seed weakening. In soybean seeds, an 

Table 3 Microwaves (MWs) effects on seed and seedling performance

Species
MWs 
intensity Effects References

Triticum 
aestivum

2.45 GHz Reduced seedborne infestation of Fusarium 
graminearum (wheat head blight fungus) and 
also reduction in seed vigor

Reddy et al. (1998)

Raphanus 
sativus

10.5 and 
12.5 GHz

Rate of germination is reduced and also 
decrease in rate of hypocotyl growth

Scialabba and 
Tamburello (2002)

Lens 
culinaris

2.45 GHz No effect on rate of germination. Length of 
seedling is stimulated 30 s exposure

Aladjadjiyan 
(2010)

Solanum 
tuberosum

2.45–
54 GHz

Highest improved biomass accumulation in 
seed potato germs

Jakubowski (2010)

Hordeum 
vulgare

2.45 GHz Improved vigor and seedling germination Iuliana et al. 
(2013)

Oryza sativa 2.45 GHz Improved germination rate, similarly, an 
increase in the length of primary root and 
shoot length

Talei et al. (2013)
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unknown organic radical was identified through electron paramagnetic resonance 
and then further confirmed and dated in dried seeds of maize (Leprince et al. 1995). 
Primarily at the seed level, effect of temperature and oxygen on reactive oxygen spe-
cies (ROS)-induced wound was also exposed by EPR spectra. A fascinating feature 
of seed practicability discovered by electron paramagnetic resonance is connected to 
variations in thickness and movement of molecules stirring when the cytoplasm 
arrives in a shiny state. Meanwhile, when seeds are stored under low temperature, 
the distinctiveness takes place and it has been supervised by the help of spin probes. 
The molecular mobility of spin probes can be slow or fast reliant on their dissemina-
tion among different seed constituents. Nitroxide spin probes, undeniably, were 
effectively used to inaugurate an association between occurrence of intracellular 
glasses, molecular mobility, and stability of seed storage (Hoekstra and Leprince 
1998; Buitink et al. 1998, 1999). Temperature-dependent and moisture changes stir-
ring in pea and Impatiens seeds are connected through rate of aging and that is veri-
fied in cytosol because of the revolving motion of a spin probe (Buitink et al. 2000).

Mostly, scientists used a nitroxide spin probe in wheat embryos to check if solid 
EPR was efficaciously used for efficient examination of seeds for plasma mem-
branes reliability (Smirnov et al. 1992). So, result revealed greater than 13% mois-
ture in the semipermeable cell wall of seed. Furthermore, study on seeds of wheat 
also validated the impacts of aging of the embryo (Golovina et al. 1997). Also, it 
reveals that permeability of plasma membrane improved more quickly during seed 
aging. The strategic role of permeability of membrane precision during imbibition 
of seeds of neem (Azadirachta indica L.) was also examined by spin probe tech-
nique using nitroxyl (Sacandè et al. 2001).

Species profiles of paramagnetic are developing as favorable to screen against 
stress tolerance in grains. Large values of semiquinone with carbohydrate radicals 
were associated with seeds that are water stress sensitive and also linked with greater 
starch contents by biochemical tests. Researches also revealed that stress tolerance 
can be identified by EPR radical profiles. Likewise, Kurdziel et al. (2015) used EPR 
to examine wheat grains of four genotypes through free radical profiles in embryo, 
endosperm, and seed coat and found various levels of water stress tolerance. 
Drought-sensitive genotypes having more carbohydrates are identified as selectable 
marker under water stress tolerance. EPR was also used to examine the effect of 
ozone application on barley, oat, and wheat grains against oxidative stress tolerance 
(Labanowska et al. 2016). Electron paramagnetic resonance exposed that the  number 
of paramagnetic species like Cu (II), Fe (III), and Mn (II), altered upon exposure of 
ozone, is also dependent on the tolerance behavior of particular genotype. 
Furthermore, the patterns of organic radicals that are stable (carbohydrate semiqui-
none and phenoxyl) suggestively changed ozone treatment as given, presenting 
improvement of paramagnetic species of the cultivars that are tolerant. The informa-
tion assimilated over EPR constructed studies in seeds or food processing as revealed 
previously, sustenance the method to inspect the impacts of physical invigoration 
methods for seed treatments. Marcu et al. (2013) used EPR to study the biochemical 
changes induced in maize seeds when irradiated with cumulative doses of γ-radiation.
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5  Conclusion

Seeds with extraordinary potency are substitution of crop formation and regular 
output. By using physical methods, seed vigor and germination are enhanced 
because physical method is eco-friendly and provides benefit on large scale. The 
presence of suitable services to achieve the physical treatment on the preemergence 
metabolism is obstructing its efficiency on priming treatment applications. It is also 
exhibited during evaluation that radiation treatment has a very little effect on bio-
chemical changes or gene expression. Hence, the deficiency of biomarkers related 
to appropriate time or radiation dose restricts the application of seed procedures at 
large scale. Nonetheless, scientists from industry and academia are presently atten-
tive on incapacitating these problems. Recent improvements on high-output meth-
ods (e.g., Omics) as compared with latest discharge of genomic properties on crops 
are predictable to lead. Additional studies are looked for to identify the molecular 
players generated during the riposte of seed invigoration treatments, specifically in 
radio-tolerant cultivars or species. In comparison, by intensifying the total cultivars 
analyzed with each changed method, it will be conceivable to recognize best appro-
priate goals for a physical treatment that is specific in stopping harmful conditions. 
The environmental situations in moderating the reaction of seed to the given radio-
activity behaviors could not be deserted, establishing itself as an auspicious research 
opportunity. This information is vital to improve new plans to enterprise new treat-
ments to modify and progress seed invigoration and germination. A combined 
method is required to speed up translational and basic research related to seed 
expertise, thus, at the end, fabricating strategies for the seed operatives.
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Abstract Seed dormancy is a prerequisite for preservation and cultivation of crops. 
The genetic characteristics of seeds and external environmental conditions com-
binedly influence the seed vigority. Therefore, seed dormancy and vigor can modify 
the growth, development, and yield capacity of both agronomic and horticultural 
crops. There are some physiological and biochemical stimulators by which seed 
dormancy period and intensity are regulated. Seed priming significantly regulates 
the different types of seed dormancy as well as enhances the vigority. Thus, differ-
ent seed priming treatments can be potentially used in crop production to increase 
the uniformity of germination along with better growth and developments. This 
chapter will discuss about the seed priming-induced regulation of seed dormancy 
and vigor.

Keywords Seed viability · Seed treatment · Abiotic stress · Crop yield · Normal 
seedling · Germination

1  Introduction

Seed priming is a pre-sowing treatment of seed for uniform and rapid germination 
with reduction in germination time. It is applied in annual as well as in perennial 
crops. In the last 25 years, seed priming is commonly applied in different vegetable 
and flower species to increase the rate and uniformity of seedlings. Seed treatment 
also removes or decreases the level of dormancy in dormant seeds.

2  Seed Dormancy and Vigor

Seed is said to be dormant when it is not germinating even though it has the capacity 
to germinate under favorable environmental conditions (moisture, temperature, 
light) (Baskin and Baskin 2004).

Seed dormancy should be differentiated from quiescence which is the condition 
of seed in which seed does not germinate due to unfavorable environmental condi-
tions affecting seed metabolic activities and resulting in temporary suspension of 
growth (Amen 1963).

Seed dormancy is induced in the seed in the seed development and maturation 
phase. The environmental conditions (temperature, light, and soil nitrate) faced by 
the mother plant during seed maturation stage influence the severity of dormancy 
(He et al. 2014). The level of seed dormancy is more high in freshly harvested seeds 
and is reduced after a period of dry storage (after ripening) (Née et al. 2017). The 
term seed vigor is coined for those seeds which determine the seed lot during ger-
mination or performance of the seed and seedling emergence and potential level of 
activity. During seed development, the seed vigor is decided according to two main 
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aspects: environment factors and genetic composition. On the mother plant, the 
vigor of seed gradually rises with the passage of time and seed maturity. The seed 
vigor level might be altered by humidity, temperature, harvest stage, mechanical 
injury during harvesting, soil water, soil nutrition, and so on.

2.1  Categories of Seed Dormancy

Seed dormancy is categorized in various ways by different researchers as Harper 
(1957), Lang (1987), Lang et al. (1985), and Nikolaeva et al. (1985, 1999). However, 
the seed dormancy comprehensive classification system has been suggested by Baskin 
and Baskin (2004). According to this system, seed dormancy has five classes.

2.1.1  Physiological Dormancy (PD)

Physiological dormancy is the supreme abundant practice found in all major angio-
sperms and seeds of gymnosperms species. In the temperate seeds, it is the most 
predominant form of dormancy. Physiological dormancy can be distributed into 
three distinct groups: deep, non-deep, and intermediate (Baskin and Baskin 2004).

Deep: In deep level of physiological dormancy, excised embryos from these seeds 
either produce abnormal seedlings or will not grow; to break this dormancy, cold 
or warm stratification is required. However, dormancy condition didn’t break by 
the gibberellic acid treatment (Baskin and Baskin 2004; Baskin and Baskin 
2005). Examples are Acer pseudoplatanus and Acer platanoides (PD deep).

Intermediate: In this type of physiological dormancy, excised embryo produces nor-
mal seedling; however, seeds need to be cold stratified for 2–3 months to break 
dormancy, and gibberellic acid treatment stimulates germination in few species 
(not in all). However, the dry storage has potential to lessen the cold stratification 
period.

Non-deep: It is the utmost predominant level of physiological dormancy (Baskin 
and Baskin 2004). This level of dormancy can be overcome through gibberellic 
acid treatment and it also varies from species to species; dormancy can also be 
broken by dry storage and warm or cold stratification (Finch-Savage and 
Leubner- Metzger 2006).

2.1.2  Morphological Dormancy (MD)

Morphological dormancy exists in the seeds that are under-developed (in size) but 
differentiated into hypocotyl-radical and cotyledons. These embryos are not dor-
mant (physiologically) but required some time to germinate and grow, e.g., celery 
(Apium graveolens) (Jacobsen and Pressman 1979).

Effect of Seed Priming on Seed Dormancy and Vigor
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2.1.3  Morphophysiological Dormancy (MPD)

In this class of dormancy, seeds have combined form of morphological and physi-
ological dormancy. Normally, seeds contain an immature embryo with dormancy 
condition. Thus, to break the dormancy condition, they require a pretreatment. One 
example of morphophysiological dormancy (MPD) seed is Trollius (Ranunculaceae), 
and embryo required longer period for growth/radicle germination as compared 
with MD embryo (Hepher and Roberts 1985).

2.1.4  Physical Dormancy (PY)

Water-impermeable layers around the seed make it dormant and radicle cannot 
come out, and this type of dormancy is known as physical dormancy. Scarification 
either chemical or mechanical has the ability to break this dormancy, e.g., Trigonella 
and Melilotus (family Fabaceae) (Baskin and Baskin 1998).

2.1.5  Combinational Dormancy (PY + PD)

Combinational dormancy is a complex form of dormancy in which seeds are physi-
ologically dormant with impermeable seed layers, e.g., Geranium and Trifolium. A 
period of dry storage is needed to remove physiological component followed by 
cold stratification to make the seed coat permeable to water.

2.2  The Physiological and Biochemical Mechanisms 
of Dormancy Accumulation and Release

The seed dormancy stimulation is governed by various series of regulators that 
respond at different stages. Some of these are discussed here.

2.2.1  Seed Maturation Regulators

Embryogenesis and seed maturation are two fundamental phases involved in seed 
development. In seed maturation  phase, the seed dormancy is also prompted at 
once, some storage compounds are also accumulated, and drying tolerance and the 
latency of metabolic activity are acquired. Some transcription factors, such as 
LEAFY COTYLEDON 1 (LEC1), LEC2, FUSCA 3 (FUS3), and ABSCISIC ACID 
INSENSITIVE 3 (ABI3), play a dominant role in stimulating the seed maturation 
and transition phase from embryo to seedling. In these four transcription factors, 
mutation results in abnormal seed growth which leads to mutant phenotypes and 
decline in seed dormancy. The discrete roles of these transcription factors and their 
complex interactions were studied previously in detail (Holdsworth et al. 2008).
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2.2.2  Hormonal Regulation

Natural hormones are considered to be strongly involved in seed dormancy process. 
Various reviews have been published focusing on the role of hormones such as 
abscisic acid (ABA) gibberellins, ethylene, brassinosteroids, cytokinins, and auxins 
in the phenomenon of dormancy as well as germination. Especially, the balance 
between the levels and respective pathways of abscisic acid (ABA) and gibberellin 
is vital for promotion of germination and stimulation of both conservation and 
induction of dormancy (Finkelstein et al. 2008). The regulators of hormones in the 
release of seed dormancy are briefly described in Fig. 1.

2.2.2.1 Abscisic Acid

Abscisic acid is the most important hormone involved in the seed dormancy induc-
tion and maintenance and causing delay in germination (Hilhorst 1995; Koornneef 
et al. 2002; Nambara and Marion-Poll 2003). ABA synthesis is controlled by the 
genes involved in genetic expression of hormones, and overexpression of these 
genes can increase the ABA level causing seed dormancy or delay in germination. 
In seed development phase, ABA is produced by two processes; embryo itself pro-
duces its ABA or it is produced by maternal tissues. However, ABA synthesized 
only by embryo itself is responsible for the induction of dormancy.

Fig. 1 Regulators of auxin, jasmonic acid, ethylene, and brassinosteroid pathways in seed dor-
mancy release
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2.2.2.2 Gibberellins (GA)

Gibberellins are another group of hormones which play important role in the pro-
motion of germination and dormancy breakdown. GA mainly imparts two functions 
in germinating embryos. First, it enhances the growth of potential embryos, and 
second, it is essential to overwhelm the mechanical restriction imposed through 
outer cover of seed by waning the tissues which surround the radicle. GA biosyn-
thesize and its localization may be affected by the environmental situations such as 
light and temperature (Yamauchi et al. 2004). The processes involved in dormancy 
release and germination are complex and these are governed by the interactive 
mechanisms of ABA and GA with environmental conditions.

2.2.2.3 Ethylene

Ethylene is involved in the promotion of germination and it works antagonistic to 
ABA. Various studies indicated the role of ethylene in dormancy release in different 
species (Corbineau et al. 1990). In some species, it releases dormancy, whereas in 
other it alone is unable to break the dormancy even when it stimulates germination 
of a particular species in nondormant seeds. The ethylene’s prime action might be 
the expansion of radial cells in the hypocotyl, increased water potential, or rapid 
seed respiration, and several hypotheses have been proposed describing the role of 
ethylene in dormancy breakdown and as germination stimulator (Esashi 1991; 
KeÇpczyński and KeÇpczyńska 1997; Matilla 2000).

2.2.2.4 Brassinosteroids

Brassinosteroids also play positive role in seed germination mechanism. GA and 
brassinosteroids (BR) interactively regulate the shoot elongation and seedlings’ 
photomorphogenesis through spaciously independent pathways. Various studies 
indicated the presence of endogenous BR in germinating seeds, and its exogenous 
application also enhances the germination in certain cereals (Yamaguchi et  al. 
1987), angiosperms (Takeuchi et al. 1991, 1995), tobacco, and Arabidopsis mutants 
(Steber and McCourt 2001).

2.2.2.5 Cytokinins

Developing seeds may accumulate the cytokinins in liquid endosperm (Mok and 
Mok 2001). Cytokinins play the role of cell expansion in developing embryos and 
might have role in embryonic pattern development, in enhancing sink strength, in 
cereals by the filling of grains in early periods, and in embryogenesis. Cytokinins 
are famous among several plant species where it alone has the capability to break 
down the seed dormancy (Cohn and Butera 1982).
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2.3  The Influence of Environmental Factors on Seed 
Dormancy

Seeds are the key sensors for the different environmental factors. These factors con-
trol the dormancy cycles of seeds and give the adequate timing of seed germination 
and seedling establishment. Temperature, light, water, nitrate, oxygen, smoke, and 
allelochemicals are considered as key environmental factors influencing dormancy 
level and its severity either during seed development or in the soil-related seed bank.

Chiang et  al. (2009) identified the response of temperature and light on seed 
dormancy in seed maturation phase. Especially, temperature is a primary factor 
affecting the level of primary dormancy through its action in regulating the ABA 
and GA contents. Seed dormancy in the bank of soil is controlled by environmental 
signals, with soil moisture and temperature which are the key issues (Batlla and 
Benech-Arnold 2010; Footitt et al. 2011). Level of dormancy and its gene expres-
sions were associated with seasonal alterations in the temperature of soil. Soil tem-
perature regulates dormancy level (deep or non-deep).

Soil temperature affects the expression of genes for ABA and GA synthesis. In 
winter, seeds’ dormancy increased due to low soil temperature and as gene expres-
sion for ABA biosynthesis increased. In spring and summer, dormancy then 
declined (Graeber et al. 2012).

In addition to temperature and humidity, allelochemicals also have an impact on 
the level of seed dormancy in soil. These chemicals are released from single plant 
and affect the physiological mechanism in nearby plants. Wild tobacco (Nicotiana 
attenuata) is an example of this phenomenon. It is an annual plant which germinates 
by receiving smoke signals after forest fire in wild forests. However, four terpenes 
and ABA leaching from the litter from the dominant vegetation have the capability 
to encourage dormancy in the seeds of N. attenuata (Krock et al. 2002; Preston et al. 
2002; Linkies and Leubner-Metzger 2012).

3  Effect of Seed Priming on Breaking Seed Dormancy 
and Improving Seed Vigor

Seed priming effects are directly interrelated to repairing as well as building up 
nucleic acids, enhancing the protein synthesis, and membrane repairing (Wang et al. 
2003). Treated seeds increase the antioxidant enzymes’ activities as compared to 
untreated seeds (Hsu et  al. 2003). Seed priming also plays a significant role in 
improvement of seed germination as well as uniformity of heterogeneously matured 
seed lots. Priming comprises different categories such as solid matrix priming, 
hydropriming, and osmopriming for breakage of seed dormancy and to enhance 
seed vigor in many horticultural as well as agronomic crops (Neamatollahi and 
Darban 2010). Recently, numerous researchers recommended that seeds priming be 
considered as a helpful strategy for good germination and healthier seedling growth 
resulting in higher yields (Naba’ee et al. 2013).
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3.1  Hydropriming Effects on Seed Dormancy and Vigor

Hydropriming is more useful for the breakage of seed dormancy, improvement of seed 
germination, and seedlings’ emergence which ultimately results in higher yield. The 
beneficial impacts of seed priming have been elaborated by several researchers in 
numerous field crops as well as horticultural crops (Ghassemi- Golezani et al. 2010; 
Naba’ee et al. 2013). Previous research work confirmed that hydro seed priming greatly 
depends on type of plant species, water potentiality, priming duration, seed vigor, tem-
perature, humidity and storage conditions, and many others. Nowadays, several priming 
methods have been adopted and successfully used in many field crops. Among them, 
hydropriming is a very simple, easy, very low cost, less time required, and environmen-
tal-friendly type of priming (Ghassemi-Golezani et al. 2008). Hydropriming is found to 
be more helpful and efficient type of priming in decreasing the possibility of poor stand 
establishment in an extensive variation of ecological circumstances. Mahmoodi et al. 
(2011) examined the effect of hydropriming approximately for 18 h and found it to be 
very superior for improvement of seedlings’ vigor as well as seedling emergence of 
maize crop. These effects of hydropriming enhance the capability of seedling establish-
ment as well as field performance of many cereal crops all over the world.

3.2  Osmopriming Effects on Seed Dormancy and Vigor

Osmopriming is famous as one of the most special types of seed priming which can be 
used to improve the growth and yield of horticultural and field crops (Ghassemi- 
Golezani et  al. 2008; Neamatollahi and Darban 2010). In osmopriming, seeds were 
soaking in aerated little water prospective solutions which enhance pre-germination 
accomplishments to remain continue before actual germination. Seed priming with 
NaCl increases the morpho-physical, biochemical, and molecular changes in plants 
which are cultivated under high salinity stress. The seeds treated with NaCl during sow-
ing showed significant positive effects on seed germination, plant growth, and develop-
ment of tomatoes. Tomato seeds were primed or treated with PEG-6000 and were found 
to have significant improvement in germination rates. Potassium salts were also used for 
seed priming and contributed in accelerated germination in corn seed. Moreover, it has 
been concluded that osmopriming is necessary for better seed germination, which 
resulted in good plant phenology with excellent crop yield (Khan et al. 2008).

3.3  Solid Matrix Priming Effects on Seed Dormancy and Vigor

Solid matrix seed priming has diverse applications for okra seeds. Solid matrix seed 
priming can be successfully used for acceleration of seed germination as well as acts 
as delivery system for selective fungicides to control insects-pests and soil- borne 
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diseases (Mercado and Fernandez 2002). Okra is a vegetable crop and found to be 
very more delicate under cool temperature. This priming can be more efficiently 
used for priming of seeds before sowing which have greater capability to enhance 
seed germination cultivated under cold soils. Seed priming might be used to provide 
the highest membrane reliability in the embryo and the emerging seedling decreas-
ing seepage with the membranes. Conclusively, solid matrix priming can be used to 
attain improved seed germination. Numerous types of constituents can be efficiently 
used for solid matrix priming. However, optimum circumstances for moisture con-
tent and seed priming period might be evaluated for every matrix (Mereddy 2015).

4  Conclusion

Nowadays, seed dormancy and vigor are very much important in crop production. 
There are many types of dormancy, i.e., physical, morphological, morphophysio-
logical, and physiological dormancy, which resist the seed for not germinating 
under favorable conditions. Seed dormancy occurs due to many factors like environ-
mental factors and hormonal regulations. To overcome this, seed priming is done 
which helps dormant seed to germinate. Seed priming also plays a significant role 
in the improvement of seed germination and its vigor as well as uniformity of het-
erogeneously matured seed lots. Priming comprises different categories such as 
solid matrix priming, hydropriming, and osmopriming for breakage of seed dor-
mancy and to enhance seed vigor in many horticultural as well as agronomic crops.
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Abstract Seed technologists are extensively using seed priming with water alone 
or with some additives to improve germination potential and stress tolerance in 
seed. Priming is also very important to seed bank managers who require conserving 
germplasm of important crops ex situ. Taking care of the plant species, physiology, 
and seed morphology, different priming techniques and methods can be applied. All 
these treatments activate the pre-germinative seed metabolism. Alteration in the sec-
ondary metabolism starts from the beginning of water uptake along with seed- 
repairing process. The seed repair process includes induction of antioxidant system 
and activation of DNA repair pathways. Both these mechanisms are essential for the 
integrity of seed genome, successful germination, and seedling establishment. With 
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the beginning of the water uptake, reactive oxygen species (ROS) start to accumu-
late in the seeds that can cause severe damage to seed proteins and lipids. However, 
to cope up with these hazardous ROS molecules, seeds have strong antioxidant 
system involving a number of enzymatic and nonenzymatic antioxidants. These 
antioxidant molecules play an active role in scavenging the injurious oxidative mol-
ecules, thus making the seed germination a successful event. This book chapter will 
provide an overview of priming and its impact on the alteration in production of 
different secondary metabolites which are produced in response to priming 
process.

Keywords Seed priming · Secondary metabolism · Germination · Antioxidants · 
Seed vigor

1  Introduction

High-quality seeds are becoming dire need of the day to fulfill the increasing 
demand of the better quality seeds for agricultural market. For better and healthy 
crop production, fast germination rate is the major requirement because slow ger-
minating seeds are usually susceptible toward soil-born infections and are unable 
to withstand the adverse environmental conditions (Osburn and Schroth 1989). 
Seed priming is a well-known treatment to enhance the seed quality and health. 
Priming seeds germinate at a greater emergence rate, resulting in better crop pro-
duction. Primed seeds also show the resistance to biotic and abiotic stresses. It also 
improves the seed vigor which is a complex agronomic character that is directly 
controlled by a set of genes and a number of environmental factors (Jisha et al. 
2013; Rajjou et al. 2012).

Priming can be defined as a method to rehydrate seed with water alone or with 
some other additives to initiate the metabolic processes that usually activate during 
the start of the germination, but avoiding the seed transition towards complete ger-
mination. Therefore, treatment must be ceased before the occurrence of any loss in 
desiccation tolerance. A number of positive benefits are attributed to seed priming 
in the literature. For example, priming reduces the thermo- and photo-dormancy and 
thus provides a wider range of seed germination temperatures. Moreover, it gives 
seed good strength to cope with pathogens and weeds (Ellis and Butcher 1988; Hill 
et al. 2008). Further, it helps to manage water shortage and harvest timings (Hill 
et al. 2008). Different factors such as priming methods, time of priming, plant spe-
cies and physiology, seed vigor, and lot determine the benefits of seed priming 
(Parera and Cantliffe 1990). Priming is usually used to treat vegetable seeds, mainly 
leek and onion (Genus Allium), lettuce (Lactuca sativa L.), pepper (Genus 
Capsicum), and tomato (Solanum lycopersicum L.) (Di Girolamo and Barbanti 
2012; Dearman et al. 1987). Priming is also used to increase the flower quality in 
flowers seed industry. It is also used to prime the seeds of selected varieties (Di 
Girolamo and Barbanti 2012; Momin 2013). Priming the cereal seeds at large and 
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commercial scale is much more difficult; however, benefits are reported widely 
(Murungu et al. 2004).

Priming procedure greatly alters the production and storage of many antioxi-
dants such as ascorbic acid, glutathione, α-tocopherol, etc. Further, priming causes 
the partial digestion of starch that significantly alters the concentration of reducing 
sugars, and this increased concentration has direct impact on different chemical 
reactions going on in the seed such as protein glycation and reaction between reduc-
ing sugar and amino group of several proteins (Ventura et al. 2012). Similarly, prim-
ing also has significant impact on the alteration of proline content in the seed 
(Kubala et al. 2015a). There are also many reports regarding the impact of priming 
on alteration in the concentration of many other metabolites such as leucine, gluta-
mate, fumarate, aspartate, threonate, or pinitol content of seeds of several species 
(Chen and Arora 2011; Di Girolamo and Barbanti 2012; Krol et al. 2015). Another 
molecule methionin, which is an important precursor of polyamine and ethylene, is 
activated during the priming of seeds. As a small aliphatic molecule, polyamines are 
involved to influence all facets of plant growth and development as well as germina-
tion. Ethylene is also known as stress hormone which also plays a significant role in 
many reactions of seed germination, and it has been reported that seed priming can 
alter the kinetics of ethylene production from its precursor ACC (Wu et al. 2014). 
There are also some plant hormones (auxin, gibberellins, cytokinins, ABA, etc.) 
which are considered to take part in many reactions in seed germination, but their 
quantitative impact due to priming is still under study.

2  Pre-germinative Metabolism and Seed Priming

Beneficial impacts of priming are because of the alteration in the particular meta-
bolic processes that took place in seed when it starts to uptake the water (Bray 
1995). On rehydration, many physiology processes are induced, for example, a new 
synthesis of nucleic acid and protein, activation of DNA, ATP synthesis, cell buildup 
of phospholipids and sterols, and increased antioxidant mechanism. Recent details 
about the alteration in secondary metabolism or pre-germinated metabolism explain-
ing the shift from the dormant stage of dry seed to the active state of primed germi-
nating seed have been given at different levels using ‘omic’ tools, for example, 
proteomics (Galland et al. 2014; Tan et al. 2013).

Seeds always have to face the adverse environmental conditions, whether on the 
parent plant during the maturity stage or during the postharvest storage and also 
during the initial stage of germination. During all these stresses, seeds are subjected 
to severe oxidative damage of nucleic acid, protein, and lipids (Ventura et al. 2012; 
Kranner et  al. 2010). In response to this, secondary metabolites are produced to 
protect seeds/seedlings from this damage. Moreover, repairing process of DNA 
must also be set aside at appropriate level in the embryo to maintain vigor and 
enhance the potential of germination of seeds. When DNA is conserved after the 
repair process, cell cycle continuation is resumed in the embryo cells that lead to 
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DNA replication. However, in case of defective repair process, oxidative injury 
resulted in the death of cells (Waterworth et al. 2010; Ventura et al. 2012). DNA 
restoration is the main mechanism of the pre-germinative metabolism initiated 
when seed starts to uptake water and by imbibition, causing the nonstop buildup of 
reactive oxygen species. All the important DNA restoration pathways are induced 
during the initial stage of seed imbibition to conserve integrity of genome (Cordoba- 
Canero et al. 2014). Transcription-coupled nucleotide excision repair, a sub path-
way which explicitly recognizes and eliminates abrasions from the transcribed 
strands of transcriptionally active genes, has been examined in seed germination in 
rice by Macovei et al. (2014) who focused on the need for DNA helicases to enable 
appropriate unwinding of the DNA duplex during transcription. Moreover, microR-
NAs selecting helicases in connection to DNA impairment response and restoration 
in rice seeds/sprouts have also been examined under oxidative stress conditions 
induced by γ-ray by Macovei and Tuteja (2013), mounting the existing knowledge 
on the seed response to treatments arbitrated by ‘physical rigorization’ or ionizing 
radiation (Grover and Khan 2014). Appropriate DNA restoration depends on the 
effective ligase-mediated rejoining of fragmented strands and DNA ligase VI has 
been recognized as the main factor of seed vigor in Arabidopsis (Waterworth et al. 
2010). In secondary metabolism, production of ROS has an important role in the 
activation of seed germination; however, the mechanisms involved in the production 
of signaling molecules have not been completely explained (Diaz-Vivancos et al. 
2013). It is observed that the radicals with short half-life will play their role at the 
site of induction, while the radicals with long half-life are carried to distant loca-
tions (Moller et al. 2007).

Many other related molecules of ROS-mediated pathways such as calcium- 
binding proteins and mitogen-activated protein kinases have been identified in the 
plants, but their function in seed is still under observation (Foyer and Noctor 2005). 
Alternatively, it has been found that severe oxidative injury to many biomolecules is 
caused when they react with ROS. DNA and RNA both are partially damaged due 
to ROS reactions. However, DNA injury can be repaired by the specific restoration 
processes, while it is much difficult for RNA due to its severe sensitivity to injury 
caused by the ROS due to the lack of damage recovery mechanism. Moreover, 
injury caused by ROS to proteins is both irreversible and reversible (El-Maarouf- 
Bouteau et  al. 2013). Enhanced production of antioxidant enzymes enables the 
seeds to control the ROS accretion during the water absorption. The detoxifying 
action of the ROS in the seed is termed as seed antioxidant potential, which shows 
the ability of seed to cope with the stress situations and increase germination poten-
tial (Liu et al. 2007). The expression profile of different genes involving the produc-
tion of antioxidant enzymes, for example, superoxide dismutase, can help in 
determining the seed antioxidant potential. Likewise, role of different antioxidant 
enzymes such as catalase, glutathione, and ascorbate peroxidase was increased at 
protein level showing the stimulation in the antioxidant defense system. Other use-
ful indicators of the antioxidant response in germinating seeds are metallothionein 
genes encoding different isoforms of the ROS scavenger protein metallothionein 
(Leszczyszyn et al. 2013; Chen et al. 2014). Different studies show the overexpres-
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sion of the metallothione during seed rehydration such as in the sacred lotus, Silene 
spp. and Arabidopsis seeds. This overexpression also showed improved resistance 
to accelerated aging (Jin et al. 2014). Productions of many secondary metabolites 
are increased during the priming process, which enables the seeds to pass through 
severe physiological and metabolic alterations. All these make the way for seeds 
towards improved seed germination and successful seedling growth.

3  Alteration in Oxidative Metabolism by Priming

The important part of the seed physiology is to withstand the severe oxidative dam-
age due to increased ROS production. Starting from seed development by matura-
tion on the mother plant and seed germination, a huge alteration in the seed 
metabolic activity along with seed moisture content takes place. Alteration in the 
metabolite concentration is mainly because of the enhanced respiratory activities of 
mitochondria and increased activities of many enzymes such as NADPH oxidases, 
oxalate oxidases, peroxidases, and β-oxidation pathways. On the other hand, pro-
duction of ROS causes oxidative damage that directly affects the germination pro-
cess. Among ROS molecules, H2O2 plays its role as signaling molecule. However, 
seed must be equipped with strong ROS detoxifying system which promptly reduces 
the concentration of damaging molecules. This detoxification is carried out by an 
efficient system involving enzymatic (i.e., superoxide dismutase, glutathione reduc-
tase, monodehydroascorbate reductase, catalase) and nonenzymatic antioxidant 
molecules (i.e., reduced glutathione, ascorbic acid). Production of ROS at lower 
concentrations is also recognized to play its part as signaling molecules, such as 
H2O2, hydrogen sulfide, and nitric oxide, are responsible for changing dormant to 
germination phase (Bailly et  al. 2008; Wojtyla et  al. 2016; Krasuska and 
Gniazdowska 2012).

Similarly, it has been confirmed by Kubala et al. (2015a) that the process of seed 
hydration and drying back to original moisture content resulted in the increase of 
ROS production as well as induction of antioxidant enzyme system. The induction 
of AsA, GSH, and APX after the osmopriming of spinach seeds was also accompa-
nied by higher production of superoxide dismutase and catalase (Chen and Arora 
2011). So, the induction of AsA-GSH cycle during hydropriming of spinach seeds 
is a clear indication that it can reduce the level of lipid peroxidation components in 
the imbibed seeds. Furthermore, Kubala et  al. (2015a) have also described that 
induction of antioxidant defensive system is the mere requirement of the establish-
ment of the seedlings happened during the last phases of germination due to the 
increased production of catalase. They also have confirmed through integrated pro-
teomic and transcriptomic approach that enhanced and successful germination due 
to priming is closely related to induction of antioxidant system. During the study of 
seed priming on Brassica napus, authors recorded the upregulation of CAT2 and 
PER21 encoding genes due to osmopriming and also observed the accumulation of 
GR protein. Similarly, they also have recorded the upregulation of gene (PER 13), 
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which resulted in the accumulation of peroxidase, peroxiredoxin proteins, and 
DHAR during the germination of primed seeds. Moreover, the authors postulated a 
correlation between stress tolerance potential of hydro-primed seeds of B. napus 
and induction of antioxidant metabolic activities during the germination process. 
The increased production of CAT, SOD, and APX is associated with amplified 
expression of respective genes. Similarly, Nouman et al. (2014) conferred that seed 
priming of Moringa with Moringa leaf extract enhances the plant growth even 
under salt-stressed condition and it is all because of the production of the antioxi-
dant enzymes such as POD, CAT, and SOD.  Likewise, increased tolerance to 
stresses is caused by NaCl and polyethylene glycol due to enhanced activities of 
POX and SOD during germination of seeds primed with β-amino butyric acid. Also 
in tobacco varieties, increased tolerance of chilling stress was obtained because of 
antioxidant enzymes induced after seed priming with putrescine (Nouman et  al. 
2014). In a research conducted by Islam et  al. (2015) on hydro-primed seeds of 
wheat, increased production in APX, POD, and CAT resulted in the salinity toler-
ance in the wheat seedlings. Effects of severe dry conditions caused by the applica-
tion of PEG on seed germination and establishment of seedlings of sorghum were 
improved by osmopriming which was associated with increased activities of anti-
oxidants including SOD, POD, CAT, and APX (Zhang et al. 2015a, b). Similarly, 
increased activity of APX along with decreased activity of CAT, POD, and SOD 
was found to reduce the negative effects caused by the ZnO nanoparticles stress in 
seeds of rice prime with PEG (Salah et  al. 2015). ROS production significantly 
affects the seed age during storage period. Induction of the ROS deteriorates the 
quality of the seed. Seed quality restoration from aging can be recovered by the 
activation of CAT and seed priming plays a significant role in the activation of 
CAT. Further, sunflower seed aging has been observed to increase the storage of 
hydrogen peroxide and loss of CAT at gene expression level as well as protein con-
tent (Kibinza et al. 2011).

Fascinatingly, the negative outcomes of aging were restored by seed hydroprim-
ing, which resulted in the synthesis of CAT by inducing the gene expression and 
translation of the enzyme.

As a conclusion, priming causes a great alteration in the metabolism of seed 
which increased the production of many secondary metabolites. These metabolites 
play significant part in relieving the seeds from the hazardous oxidative stress, 
restoring the seeds from the aging, and regulating the production of ROS.

4  Reserve Mobilization and Priming

Latest transcriptome and proteome researches on cabbage, Arabidopsis seeds, and 
rape seeds osmopriming have shown the fact that germination and priming trans-
formed analogous methods (Kubala et al. 2015a; Gallardo et al. 2001; Soeda et al. 
2005). Certainly, it is projected that procedures linked with germination like respi-
ration, metabolism of energy, and initial reserve mobilization process can also take 
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place in the priming (Varier et al. 2010). Speedy and constant germination of rice 
seed as a result of priming resulted in enhanced α-amylase activity, consequently 
increasing the concentration of available sugars in primed kernels (Farooq et  al. 
2006). Sung and Chang (1993) have revealed that primed maize seeds exhibited 
enhanced enzymatic activity of carbohydrates such as α and β amylases and lipids, 
for example, isocitrate lyase solubilization. Chickpea seeds primed with mannitol 
showed enhanced amylase activity, invertases, sucrose synthase, and sucrose phos-
phate synthase in shoot portion of primed plants. The enhanced amylase concentra-
tion in shoots proposed a rapid breakdown of newly synthesized starch present in 
the shoots of primed plants, resulting in further accessibility of glucose for plant 
development (Kaur et al. 2002). Excessive concentration of soluble aldolase, pro-
tein, and ICL performance has been noticed in halo-primed seeds of pepper as com-
pared to unprimed control (Smith and Cobb 1992). Furthermore, the accumulation 
of α-glucosidase resulted in higher concentration of globulin degradation stuff in 
the priming procedure for seeds of sugar beet. Parallel results regarding priming for 
seeds of sugar beet have been observed by Capron et al. (2000), which depicted 
enhanced mobilization of 11S-globulin-β-subunit as a result of osmopriming. 
Gallardo et al. (2001) have noticed elevated level of polypeptides in both hydro- and 
osmo-primed seeds of Arabidopsis. They were recognized as yields of 12S-cruciferin- 
β-subunit breakdown.

Kubala et  al. (2015a, b) have documented that, in the germination of osmo- 
primed and post-primed B. napus seeds, storage of transcript and proteins happened 
and also enhanced storage of cruciferin CRU1 has been observed. The stimulation 
of genes related with lipid catabolism was interrelated with the instigation of genes 
required for lipid transport (Kubala et al. 2015a). Priming also decreases the con-
centration of oleosins-proteins that cover oil bodies.

During priming, stimulation of respiration and rapid ATP fabrication are main 
metabolic processes (McDonald 2000) and advanced respiratory action is essential 
to provide energy required for seed germination. The enhanced ATP level after 
priming was detected in araucaria, cabbage, eggplant, oat, spinach, and tomato 
(Mazor et al. 1984; Corbineau et al. 2000). Primed seeds require a high level of fuel 
to fulfill energy requirement for higher mobilization of reserve. Consequently, it 
resulted in enhanced energy level and metabolic rate of primed seeds and hence 
caused improved germination and stress-bearing potential.

5  Holistic “omic” Methods of Seed Priming

Identification of the biomarkers for sequenced primed seed is an important goal for 
plant physiologists. The order of processes involved in H2O holding priming 
includes a slight hydration stage in the soaking phase followed by a sufficient or 
inadequate fast dehydration period. It can be examined that every step has its own 
configuration of activation/deactivation. There is no link between transcription and 
translation, causing in few circumstances a restricted correlation between mRNA 
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and protein levels. Certain proteins produced in incubation may be destroyed in 
dehydration, while the degree of degeneration may be affected by the level of dry-
ing. Lastly, protein production may also take place as a consequence of the transla-
tion of prolonged mRNA formerly produced throughout seed development (Taylor 
et al. 1998; Jisha et al. 2013; Boudet et al. 2006).

The benefit of these corresponding universal methods is that they offer a wide- 
ranging set of data permitting physiologist to get a worldwide opinion of all meta-
bolic factors included in priming. However, the main drawback is that these practices 
are costly. As a result, specimens are regularly examined after treatment time and 
the time-reliant evolution of factors is hardly measured. It is quite problematic to 
reconstruct a kinetic method, but available readings deliver deep information regard-
ing dynamic priming method.

6  Alteration in Transcriptomics by Priming

Transcriptomics is the procedure of examination of the transcriptome, the whole set 
of transcripts of RNA formed via genome under particular conditions by means of 
high-throughput approaches. Numerous practices are accessible for transcriptomic 
methods comprising c-DNA amplified fragment length polymorphism, microarray, 
disclosed sequence tag sequencing, and sequential examination of gene expression, 
RNA seq, and immense corresponding signature sequencing (Haider and Pal 2013). 
Buitink et al. (2006) have stated that above 1300 genes may be controlled in the 
priming. Those genes whose expressions are controlled in priming procedure are 
normally classified based on the role of the parallel proteins (metabolism, regulation 
of cell cycle, processing of DNA, regulation of transcription, stress reactions, cel-
lular communications, and transport). But, a regular portion of the recognized genes 
is yet not explained.

In case of B. napus, frequent priming-structured genes are included in gluconeo-
genesis which is indispensable for triacylglycerol disintegration into minute frag-
ments. Additional significant type of genes included in H2O holding priming of rape 
seed encodes for transcription factors and this is particularly the situation after hor-
mopriming with ABA (Patade et al. 2012). In the similar types, it was verified that 
germination of primed seeds includes particular genes relatively to germination of 
unprimed seeds (Kubala et al. 2015a). In fresh plants of primed seeds, the appear-
ance of stress-linked genes is frequently speedier as compared to the plants from 
unprimed seeds, as currently demonstrated for cold-bearing potential (Patade et al. 
2012). Priming encouraged the genes involved both in protein production and pro-
tein breakdown. Certain transcription features may be downregulated in the soaking 
and upregulated during drying (Kubala et al. 2015a). Genes included in the produc-
tion of osmoprotectant, like proline, can be controlled at several stages of priming 
(Kubala et al. 2015b).

Transcripts of Brassica oleracea are plentiful in dry seeds which quickly reduce 
in the osmopriming, and germination activity is started in the osmopriming. For 
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these researchers, genes manifested in slow drying succeeding the soaking phase 
are interrelated with the stress tolerance characteristics of primed matter. It can be a 
particular consideration of cell cycle-regulated genes, enzymes included in carbon 
metabolism, and factors of the translation mechanism. Acquirement of the desicca-
tion resistance after the soaking phase is a vital characteristic regarding priming. 
Transcriptomic data revealed that the molecular study related to such feature may be 
alike with those included in the usual seed dehydration procedure in the maturation. 
In Medicago truncatula, numerous regulatory genes manifested in response to scar-
city stress are also upregulated in the seed development. For priming, these genes 
are required for post-soaking dehydration, while genes controlling cell wall biogen-
esis, cell cycle, and energy metabolism are suppressed (Buitink et  al. (2006). 
Transcripts stored after PEG-priming action include those encoding for LEA and 
seed loading proteins or genes regulating seed dormancy, although genes incorpo-
rated in cell wall alterations and photosynthesis process are normally suppressed 
(Maia et al. 2011). Beside the contribution of transcription aspects, it may be of 
main significance in the upcoming time to examine the epigenetic alterations 
brought by priming.

7  Alteration in Proteomics by Priming

Proteome depicts the complete set of the protein present at a particular time in 
particular biological sample and proteomic is the comprehensive study that enables 
to identify and quantify these proteins. Two-dimensional gel electrophoresis and 
peptide mass fingerprinting are being practiced to separate proteins in different 
plant systems. To isolate the individual peptide from sequence information, tandem 
mass spectrometry is being used. Quantitative proteome analysis shows the altera-
tion in protein level among the different biological samples (Wong and Cagney 
2010). Another alternative tool is gel-free shotgun proteomic that is used to iden-
tify and quantify protein at large scale. This technique was applied in remote past 
to recognize the important biomarkers of priming-activated salinity tolerance in 
wheat by concomitantly using the hydro gel nanoparticles and protein fractionation 
enrichment methods (Fercha et al. 2013). Authors recorded the important altera-
tion in 72 different proteins induced by osmopriming. Most of these proteins 
played their role in protein synthesis, proteolysis, defense or disease prevention, 
and metabolism regulation. A complete alteration in the pattern of proteome signa-
ture has been observed after priming with ascorbic acid. The proteins identified in 
the study are involved in antioxidant defense system, DNA repair process, metabo-
lism regulation, and methionine-related metabolism. To estimate the accurate 
quantity of protein biosynthesis during these steps, an inhibitor of the protein syn-
thesis such as cycloheximide can be added to a priming solution. In some cases, a 
new protein synthesis is not required by the seed because it depends only on the 
prestored- translated mRNA accumulated during the maturation of seed (Pace et al. 
2012). Hydropriming with cycloheximide induces resistance to Cd stress in 
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Trifoliun repens and Poa pratensis, and this tolerance induction was associated 
with reduction in α and β-amylase (de Lespinay et al. 2010). There are two path-
ways for the alteration in the concentration of proteins in the seeds: first involves 
the synthesis of afresh proteins, while the other requires digestion of accumulated 
proteins through protease induction. It has been observed that priming can influ-
ence the activities of proteases and stimulate the expression of protease encoding 
gene (de Lespinay 2009).

To understand the alteration in the production of secondary metabolites, some 
techniques are even used to detect protein in the embryo or tissue covering the 
embryo. Monocots have aleurone layers that are related to hydrolytic enzyme syn-
thesis (Bonsager et al. 2007). However, the separation of the aleurone is much dif-
ficult in the monocots grasses having very small seeds such as turf grass, while it is 
easily practiced in wheat or barley having large sized seeds. It has been recorded 
that the set of proteins that are directly regulated by priming in the embryo and 
neighboring regions is much more different. The number and quantity of proteins 
regulated by priming is much higher in embryo compared to other tissues of seeds. 
Proteins regulated in embryos are directly associated with regulation metabolism 
(particularly methionine biosynthesis, amino acids synthesis, etc.), cell growth, and 
preservation of cell structure and energy supply, while proteins upregulated in 
nearby seed parts are largely linked to reserves’ mobilization or managing of the 
oxidative stress. On the other hand, only ascorbic acid is found in embryo of barley, 
while many other proteins taking part in redox reaction were found at the com-
mencement of radicle elongation (Bonsager et al. 2007). Priming is regarded as a 
stimulating technique and numerous proteomic methods were used to identify the 
biomarker of seed vigor. A set of 18 accumulating proteins due to osmopriming has 
been identified in sugar beet seeds by Catusse et al. (2011). Further, these proteins 
are found to be reduced directly during the aging. Seed vigor seems directly associ-
ated with starch and lipid mobilization, production of protein, and methionine cycle. 
In another study, more than 81 proteins indicated an important alteration in their 
concentration as compared to same proteins found in seeds with varied vigor (Zhang 
et al. 2015a, b). In the light of these findings, reduction in seed vigor is a process 
that requires energy to proceed along with synthesis and degradation of protein. 
Salicylic acid is considered as a stimulating agent that enhances germination under 
salt-stressed conditions. Salicylic acid boosted the activation of antioxidant 
enzymes, enhanced the protein quality, and reactivated the maturation process dur-
ing the early phases of germination. Likewise, Tanou et al. (2009) confirmed the 
activation and alteration in many secondary metabolic processes such as MAP 
kinase signaling, tyrosine nitration, N-nitrosilation, and redox proteomic using the 
“prime-omic” technique. Hydropriming was also observed to activate drought toler-
ance in Medicago truncatula (Boudet et  al. 2006). It has been confirmed by the 
proteomic analysis that drought tolerance character is associated with the produc-
tion of proteins from variant groups related to late embryogenesis. Moreover, 
Fourier transform infrared spectroscopy was used to study the alteration in protein 
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in seeds after priming compared to dry seeds and results showed that the proteins 
acquire α helices and β-sheets configuration during drying process.

Many other techniques are used to study the protein patterns after priming in 
plant species whose genome is still not sequenced. An experiment was carried out 
to analyze the proteome of pearl millet seeds in response to seed priming with 
β-aminobutyric acid. Results indicated the overexpression of genes encoding pro-
teins related to glucose metabolism and a number of these proteins are directly 
associated with energy (Anup et al. 2015). It has also been observed that seedlings 
originated from these primed seeds were more resistant to diseases such as downy 
mildew. It is also a noteworthy point that many of the proteins were found in the 
energy-related organelles such as mitochondria and chloroplast as well as in the 
extracellular spaces.

8  Alteration in Metabolomics by Priming

Metabolome can be referred to as the entire set of the metabolites having smaller 
molecular mass occurring within a plant tissue at a particular time. So metabolome 
can be recognized as quantitative measurement of the complete set of compounds 
which are directly participating in the metabolism of specified sample. Plant metab-
olomic analysis has gained a special importance in functional genomics. To study 
the complete range of metabolites using a sole analytical method is much more dif-
ficult. Therefore, a combination of several techniques and tools (i.e., gas chromatog-
raphy, HPLC, atmospheric pressure chemical ionization, electrospray ionization 
assisted with mass spectrometry, secondary mass spectrometry, and capillary elec-
trophoresis) is being used to examine the maximum number and quantity of metab-
olite. However, the metabolic tools are much harder to study the seed material, 
having the large proportion of molecules obtained from reverse mobilization. 
Superfluous soluble sugar present in the graminaea and a lot of lipid molecules pres-
ent in the oil digestion sample obtained from the oleaginous plant material can 
hinder the separation of some other compounds with minute fraction but are involved 
in the improved seed germination in response to priming. In the same way, many of 
the metabolites are only synthesized or found in the particular tissues or organelle 
of the cell and undergo some chemical reactions during the extraction process. 
Gibberellins are an example which play an important part in the smoothing of ger-
mination process but are reported to react with phenols or sugars, so this property 
makes it a hindrance in isolation and/or identification of many other metabolites 
(Wu et al. 2014).
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9  Conclusion

It can be concluded that priming has significant impact on secondary metabolites 
ranging from simple sugars to complex protein molecules. These metabolites have 
significant role in the germination potential. However, the exact quality- and quan-
tity-based research is needed to fully explore all the features of modification process 
involving the priming. The study of this metabolite can help to improve the quality 
of seed and germination rate. Advanced molecular techniques applied to transla-
tional research programs in seed science will address the recent prospects of seed 
industry. This will enhance the seed response to industrial treatments, especially 
priming technology for the rationale management/production of competitive com-
mercial seed lots. The accessibility of innovative guidelines will also facilitate 
researches on novel materials to be included in industrial formulations formed to 
enhance seed quality.
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Abstract Plants experience various stresses during the course of their growth and 
development. Seed priming involves the induction of a particular physiological 
stage of growth in the seed, prior to germination, using different approaches like 
hydro-, osmo-, chemical, hormonal, biological, matrix, and magnetopriming. Seed 
priming-induced early vigor in crops reduces time of seed emergence, accomplishes 
uniform emergence, and gives a better crop stand. Hence, seed priming is a smart, 
potent, and feasible alternative that facilitates plant protection against various stress 
conditions during seedling establishment. Primed seeds imbibe water rapidly and 
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revive the seed metabolism through repair and buildup of nucleic acids and proteins. 
Various signaling pathways activate in the early stages of seedling growth resulting 
in faster plant defense responses. It leads to the accumulation of inactive signaling 
molecules in primed cells which, upon later subjection to stress condition, lead to 
hyper-activation of the signaling proteins, thereby amplifying signal transduction, 
thus guiding toward more rapid and/or more intense activation of defense responses. 
It imparts “stress memory” that activates stress-responsive system in primed seeds, 
equipping them to be defensive to later stress exposure. The activities of antioxida-
tive enzymes and synthesis of metabolites such as proline and malondialdehyde 
under various stress conditions are also enhanced in response to priming. The 
molecular changes during stress in primed seeds include cell division and elonga-
tion, plasma membrane fluidity, induction of stress-responsive proteins (heat-shock 
proteins and late embryogenesis abundant proteins), and changes in transcriptome 
and proteome. All these changes lead to enhanced and synchronized seed germina-
tion, early vigor, and improved plant growth, biomass, plant height, leaf area, root- 
shoot length, dry weight, and yield. In this chapter, we will discuss the physiological, 
biochemical, and molecular mechanisms of seed priming under various abiotic 
stress conditions.

Keywords Antioxidant · Drought · Germination · Priming · ROS · Priming · Seed 
metabolism · Salinity · Temperature stress · Vigor

1  Introduction

Seed quality is a measure of viability, seed lot purity, health, and mechanical damage 
with a more arcane trait of seed vigor (Perry 1980). Plants are challenged by various 
stress factors of environment such as less available water, salinity, mechanical 
impedance due to crusting, soil temperature (high or low), insects, pests, and oxygen 
that inhibit seed germination and seedling emergence (Zhao et  al. 2007). Under 
stressful growing conditions, seeds wait for the favorable environmental conditions 
and take longer time to germinate. However, the seedbed deteriorates during this 
waiting period, and the seedlings experience increased stress leading to mortality. 
The descent of seedbed condition before seedling emergence is affected by tempera-
ture and water availability. Seed germination occurs successfully, if the moisture 
content is sufficient in the seedbed (Trait 1). Once the radicle emerges out of the 
seed, further growth depends upon the temperature of the seedbed as determined by 
drying of the soil surface from upward toward downward. Thus, the roots rapidly 
grow downward (Trait 2) facilitating the maintenance of root tip contact with reced-
ing moisture. The soil strength increases due to its continuous drying, and the hypo-
cotyls extend out of the soil before its emergence (Trait 3). Induction of seed vigor 
in a seed lot suggests that priming treatments offer a strategy for avoidance of stress 
that ensures rapid germination of seeds and subsequent growth in impeded soils. The 
seed germinates rapidly and exhibits rapid growth of roots and shoots in the soils of 
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increasing impedance. The physiological changes after seedling emergence result in 
establishment of a uniform crop stand and increased yield under stress (Fig. 1).

Successful crop establishment under deteriorating seedbed can be attained by 
enhanced vigor in Traits 1–3 and increased rate of seedling development. Therefore, 
robust priming treatments are required to withstand changes under different stresses 
experienced by the seedbed (Finch-Savage et al. 2010). Seed priming techniques 
involve controlled hydration-dehydration steps that allow metabolic activities dur-
ing imbibition to proceed but restrict emergence of radicle (Bradford 1986).

Seed reserves in the form of starch, protein, and lipids are deposited in the seed 
during seed development. Prior to autotrophic growth, the reserves are mobilized to 
the growing seedling and sustain the seedling during photosynthesis-independent 
growth. Although in-depth knowledge about seedling emergence under stress is 
scarce, the effect of seedbed’s stress environment on initial seedling growth can be 
determined. The physical stress in the seedbed decides the seed reserve-dependent 
germination and seedling development pattern prior to emergence. Germination and 
priming are essentially similar processes as both exhibit similar altered pattern of 
expression of genes/proteins (Soeda et al. 2005). A triphasic pattern of water uptake 
during germination includes phase I, a physical process that involves water uptake 
and is irrespective of dormant or nondormant, viable or nonviable seeds; phase II, a 
lag phase that involves little net water uptake where seed moves from dormant to 

Fig. 1 Physiological response in plants raised from primed seeds leading to the establishment of 
a uniform plant population
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germinating state; and phase III, a marked increase in water uptake associated with 
radicle protrusion and growth (Bewley and Black 1994). Similar to phases I and II 
of germination, priming can also be considered as a special type of preparative ger-
mination phase in which phase II is prolonged (Nonogaki et al. 2007). Faster absorp-
tion of water enables a “head start” of transition state that possibly improves the 
germination potential which is reflected by greater germination percentage, speed, 
and uniformity (Fig. 2) (Myint et al. 2010). Seed treatment with natural and syn-
thetic compounds prior to germination provides the advantage due to priming, which 
results in the production of signal molecules that have the potential to enhance seed 
germination and radicle emergence during stress conditions. Thus, priming gener-
ates moderate stress during soaking and dehydration (Ashraf and Foolad 2005) that 
prepare the seeds to tolerate abiotic stresses during seedling establishment (Yacoubi 
et al. 2011). The germination rate is enhanced as a consequence of revival of seed 
metabolism following priming treatment (McDonald 2000).

Various approaches are employed for seed priming which include partial short-
ening of the duration of imbibition (hydropriming); keeping the seeds in solutions 
with low external water potential (osmopriming); chemical, hormonal, biological, 
solid matrix and magnetopriming etc. Different priming agents exhibit varied 
response to crop species and type of stress (Iqbal and Ashraf 2005), although each 
treatment improves the germination rate, uniformity, and growth of seedlings par-
ticularly under stressful conditions (Parera and Cantliffe 1991). DNA damage dur-

Fig. 2 Seed hydration curves and germinating phases in unprimed and primed seeds. (Adapted 
from Lutts et al. 2016)
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ing seed aging can be repaired by upregulation of DNA repair machinery that helps 
in improving seed viability (Thornton et al. 1993). Priming activates the respiratory 
pathway resulting in production of energy during the seed imbibition (Weitbrecht 
et al. 2011). In osmopriming, water is absorbed at a slow rate due to reduced water 
potential of the solution used for priming, giving an advantage to the seed to com-
plete the repair of DNA. Primed seeds exhibit less damage to the cells which is 
otherwise an inevitable feature during rehydration of the unprimed seed in the ger-
mination process (Balestrazzi et al. 2011). Chemical compounds, that act as prim-
ing agents, lead to production of signaling molecules or inactive transcription 
factors, which rapidly act or get activated to ensure protection upon being exposed 
to stressful condition (Bruce et al. 2007). In addition, such agents have been shown 
to reduce oxidative stress that is associated with various abiotic stresses (Demidchik 
2015), in a similar mode of action in both the seedlings and mature plants. In the 
following section, we discuss the different types of priming treatments and their 
effectiveness in alleviating the stressed condition.

2  Types of Priming

2.1  Hydropriming

Hydropriming relies on wetting of the seeds in water followed by re-drying to origi-
nal moisture content before sowing. This method is not so expensive and environ-
mentally friendly. On-farm priming, which is synonymous to hydropriming, 
consists of conducting the practice of seed wetting followed by surface drying on 
farm, prior to sowing (Harris et al. 2005). This technique may be useful for farmers 
in marginal tropical environment with limited resources. However, the main disad-
vantage of hydropriming is nonuniform degree of seed hydration due to uncon-
trolled water uptake and unsynchronized emergence due to difference in concurrent 
activation of metabolic pathways within seeds. Hence, it becomes highly important 
to optimize the hydration conditions such as duration of treatment, temperature, 
and water volume used in hydropriming to ensure uniform seed hydration and syn-
chronized emergence. Drum priming  – a commercial variant of hydropriming 
(Rowse 1996) involves rotation of seeds in drum followed by gradual hydration by 
addition of water in vapor form. Drum priming is better over conventional 
hydropriming as it allows controlled seed imbibition. At the cellular level, 
hydropriming of maize seeds for 12 h changed the protein profiles in the embryos 
with abundance of two proteins, namely, embryonic protein DC-8 and globulin-1, 
which could serve as potential candidates for the protein markers for priming effect 
and seed vigor (Gong et al. 2013). Earlier studies have revealed the association of 
proteins like actin isoform or cytosolic glyceraldehyde 3-phosphate dehydroge-
nase, which operate during seed dehydration process, with germination and prim-
ing process (Gallardo et al. 2001).
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2.2  Osmopriming and Halopriming

In osmopriming, seeds are soaked in low water potential solutions such as polyeth-
ylene glycol, mannitol, sorbitol, glycerol, or inorganic salts such as CaCl2, KCl, 
KNO3, K3PO4, KH2PO4, MgSO4, and NaCl (Yacoubi et al. 2013). When inorganic 
salts are used as priming agents, it is often referred to as halopriming. Soaking of 
the seeds in osmotic solutions of low water potential results in gradual seed imbibi-
tion as water enters the seeds slowly, which results in the activation of early phases 
of germination (Di Girolamo and Barbanti 2012). Also, halopriming activates seed 
metabolism by production of osmolytes and/or signaling molecules, thus promoting 
germination. Lara et al. (2014) suggested that priming of tomato seeds with potas-
sium nitrate (KNO3) promoted faster germination as the absorbed nitrate entered the 
seed embryo metabolism through the nitrate reductase enzyme pathway, resulting in 
the production of signaling molecule, nitrite/nitric oxide. Sahin et  al. (2011) 
observed that NaCl priming in tomato seeds resulted in the accumulation of osmo-
regulating defense molecules (e.g., proline and anthocyanin) and antioxidative 
enzyme system activation.

2.3  Solid Matrix Priming

Osmopriming possesses some limitations due to expensive osmotic agents and tech-
nical problems with aeration (Paparella et al. 2015). Solid matrix priming (matri-
conditioning) is an alternative method to osmopriming which involves controlled 
water uptake by seeds. Solid matrix priming is cost-effective as it involves mixing 
and incubation of seeds with wet solid water carrier for a specific duration. 
Afterward, seeds are separated from matrix, washed, and dried again. The use of 
solid medium permits slow hydration of seeds, thus simulating the natural imbibi-
tion process that occurs when seed is sown in the soil (McDonald 2000).

2.4  Hormopriming

During hormopriming, plant growth regulators such as auxin, gibberellin, kinetin, 
polyamines, abscisic acid, ethylene, and salicylic acid are used during seed imbibi-
tion, which can have direct impact on seed germination.
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2.5  Biological Priming

Biological priming involves seed imbibition together with plant growth-promoting 
bacteria (Callan et  al. 1990). This priming method provides protection to seeds 
against the soil and seed-borne pathogens in addition to enhanced rate and unifor-
mity of germination.

2.6  Chemical Priming

In this method of priming, seeds are treated with certain natural or synthetic com-
pounds (nitric oxide, hydrogen peroxide, hydrogen sulfide, melatonin, and poly-
amines) to improve germination rate and enhance abiotic stress tolerance.

2.7  UV Priming

In UV priming, seeds are treated with low doses of UV radiations to improve yield 
and quality and enhance biotic and abiotic stress tolerance in plants. Dhanya Thomas 
and Puthur (2017) observed that UV radiation (0.004–4 Wm−2) stimulated germina-
tion, growth, biomass, and fresh and dry weight of seedlings in various crops such 
as rice, wheat, maize, cucumber, and cowpea. The activities of ROS scavenging 
system also increased, resulting in abiotic stress tolerance in plants.

2.8  Magnetopriming

Magnetopriming involves treatment of seeds with magnetic field of different 
strength. It is a dry seed priming technique that does not involve hydration of seeds 
and allows storage of seeds at room temperature. In germinating soybean seeds, 
magnetopriming resulted in the stimulation of seedling growth through the produc-
tion of ROS (Shine et al. 2012). Podlesny et al. (2005) observed that increased level 
of free radicals in faba bean and pea seeds was accompanied with enhanced germi-
nation after treatment with laser light and magnetic field.
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3  Physiological, Biochemical, and Molecular Aspects of Seed 
Priming for Abiotic Stress Tolerance

Abiotic stress causes an array of physiological, biochemical, and metabolic changes 
in plants which causes oxidative stress, modification in metabolism, and eventually 
poor yield (Xiong and Zhu 2002; Shafi et al. 2009). Seed priming technology has 
dual benefits during stressed conditions: (1) promotes high vigor favoring enhanced, 
fast, and uniform emergence and (2) improves yields in plants from primed seeds 
(Basra et al. 2005; Kaur et al. 2005). According to McDonald (2000), primed seeds 
attain the capacity for faster imbibition and revival of seed metabolism that includes 
repair and synthesis of nucleic acids and proteins followed by post-translational 
processing and targeted proteolysis (Kubala et  al. 2015). Chromosomal damage 
may be repaired during priming (Sivritepe and Dourado, 1995), accompanied by 
early DNA repair, and increase in RNA and protein synthesis (Manonmani et al. 
2014). Lipid peroxidation is reduced (Chiu et al. 2006), and antioxidative enzyme 
activities increased in primed seeds (Espanany et al. 2016). Seed quality enhance-
ment by seed priming has also been linked to molecular changes during stress which 
include increased cell division and elongation, fluidity of plasma membrane, induc-
tion of heat-shock and late embryogenesis abundant proteins, and changes at tran-
scriptome and proteome level (Varier et  al. 2010; Mahajan et  al. 2011). The 
physiological, biochemical, and molecular changes observed by various researchers 
in primed seeds in response to various stress conditions have been discussed below:

3.1  Salt Stress

Salinity adversely affects early seed germination and growth of seedling and ulti-
mately alters the metabolic processes in a mature plant (Nawaz et al. 2012). Salt 
stress lowers down the osmotic potential external to the seed and prevents water 
uptake; thereby increased Na+ and Cl− ions negatively affect the germinating seed 
(Khajeh-Hosseini et  al. 2003). However, the first physiological process to be 
affected under salinity is reduced water uptake by the seed due to low water poten-
tial of the soil. This is accompanied by a disturbance in the mobility of nutrients to 
developing tissues (Ashraf and Wahid 2000), reduced hydrolysis of seed reserve 
(Ahmad and Bano 1992), and accumulation of osmolytes (Zidan and Elewa 1995). 
All these physiological perturbations can be mitigated if the seed is induced to com-
plete the seedling establishment phase within a short time period. This is accom-
plished by pre-sowing priming treatments that embolden the seed to defend the first 
encounter to stresses. Cayuela et al. (1996) investigated the effect of seed priming 
with 6  M NaCl solution with respect to growth and physiological responses of 
tomato plants (Lycopersicon esculentum L.). It was observed that primed seeds 
emerged earlier in comparison to non-treated seeds. Primed seeds also accumulated 
Na+ and Cl− ions in the roots. An increased sugar and organic acid content in the 
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leaves of primed seeds was also observed. Positive effects of osmopriming of sweet 
sorghum seeds for mitigation of adverse response in salt and thermal stress during 
germination and radicle growth were evident in studies by Patane et  al. (2009). 
Germination under saline media improved in seeds of tomato and asparagus treated 
with 0.8 MPa PEG 8000 (Pill et al. 1991). Cucumber seeds osmoconditioned with 
0.7  M mannitol improved the rate of germination in 200  mM NaCl solutions 
(Passam and Kakouriotis 1994). Gao et al. (1999) studied aquaporins in osmocon-
ditioned oilseed rapeseed (Brassica napus) during germination under both salt and 
osmotic stresses. They identified two aquaporin genes Bn-PIP1 belonging to the 
family of plasma membrane intrinsic protein (PIPs) and Bn-TIP2 to tonoplast 
intrinsic protein. They suggested that Bn-PIP1 was required for hydration and enzy-
matic breakdown of storage reserves at early stages of germination, whereas 
Bn-TIP2 was related to cell growth associated with radicle protrusion.

Magnetopriming of chickpea seeds was effectively used to overcome the adverse 
effects of salinity at germination and early seedling growth (Thomas et al. 2013). In 
magnetoprimed wheat seeds, Na/K ratio was less compared to unprimed plants 
under saline conditions. De Souza et  al. (2016) reported 72% germination in 
osmoprimed Physalis angulata L. seeds grown under salt stress of 14 dS m−1 EC or 
higher. The higher biomass in the primed seeds may be due to the upregulation of 
genes related to ion transport and antioxidant enzymes. The relative expression of 
APX, GST, TXN, HAK1, and SOS1 was higher in primed seeds which could be cor-
related with the induction of salt tolerance. ROS production during salt stress 
induces a signaling cascade that can change the gene expression and protect the 
primed seed from oxidative stress under high salt concentration.

The metabolic processes required for germination under stress conditions are 
maintained by induced expression of genes specific to water homeostasis, inorganic 
ion transport and metabolism, cell wall biogenesis, and signal transduction 
(Bertorello and Zhu 2009; Peng et al. 2009). Salt tolerance in rice seedlings was 
mediated through ion homeostasis that helped in increasing anthocyanin and chlo-
rophyll content in seeds primed with spermidine and gibberellic acid (Chunthaburee 
et  al. 2014). The phenolic content and antioxidant capacity were higher in the 
primed than the control seedlings.

3.2  Drought Stress

Water stress may potentially affect seed germination and early seedling growth 
(Ahmad et al. 2009). Yan (2015) observed that priming of Chinese cabbage (Brassica 
rapa) seeds with 200 mM potassium nitrate and 200 mM urea stimulated germina-
tion and early seedling growth under drought stress. Seed priming treatments pro-
vided enhanced drought tolerance by modulating the activities of peroxidase, 
superoxide dismutase, and catalase and levels of soluble sugar and proline. These 
results suggested that seed priming can be effectively used to increase the germina-
tion and early seedling growth of Chinese cabbage under moisture stress conditions. 
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Chickpea plants grown from magnetically treated seeds and subjected to −0.2 MPa 
of moisture deficit showed an increase in water utilization, biomass, and radiation 
use efficiency (Mridha et al. 2016). In maize, magnetopriming helped the seedlings 
to withstand moisture stress due to improved soil-water relations (Anand et  al. 
2012). Seed priming with hormonal (methyl jasmonate, salicylic acid) or chemical 
elicitor (paclobutrazol) resulted in increased total phenolic content, antioxidant 
activity, and expression of rice drought-responsive (RD1 and RD2) genes (of AP2/
ERF family) in drought-tolerant rice genotype under drought stress (Samota et al. 
2017). Growth and development of the plants raised from primed seeds were found 
to be better under control and drought stress conditions compared to that of the 
plants raised from unprimed seeds under the stress.

Fatemi (2014) primed the seeds of sunflower (Helianthus annuus L.) with ascor-
bic acid and concluded that primed seeds exhibited higher germination percentage, 
seed stamina index, and growth as compared to control under low water potentials 
(−2 and − 4 bar) induced by PEG 6000. The exogenously applied ascorbic acid was 
effective in ameliorating the adverse effects of drought stress. Similar results were 
also observed in ascorbic acid priming of safflower seeds where the antioxidant 
system of enzymatic and nonenzymatic compounds was increased to alleviate the 
drought stress (Rajaji et al. 2012). Primed seeds also exhibited higher α-amylase 
and/or β-amylase activities, which resulted in an increased breakdown of starch and 
subsequent buildup of sugar levels. This was followed by higher rate of respiration, 
viability of seed, speed of germination, and establishment of seedling as compared 
to non-primed seeds (Zheng et al. 2009; Amooaghaie and Nikzad 2013; Li et al. 
2013, 2014a, b). Li et al. (2014a, b) reported that chemical agents such as poly-
amines upregulate the expression of β-amylase gene under water stress during the 
initial stages of seed germination.

Soybean plants pretreated with H2O2 when exposed to drought stress resulted in 
higher levels of myo-inositol and galactinol. These sugars are considered to be the 
osmoprotectants and scavengers of reactive oxygen species. Increased gene expres-
sion of D-myo-inositol 3-phosphate synthase 2 (GmMIPS2) and galactinol synthase 
(GolS), the key enzymes for the biosynthesis of the oligosaccharides, is correlated 
with the accumulation of myo-inositol and galactinol (Ishibashi et al. 2011). The 
role of DC-8 in the protection of embryo cellular structures during drought stress 
tolerance to desiccation was implicated by Sghaier-Hammami et  al. (2010). The 
PEG priming in Arabidopsis and Medicago seeds upregulated AP2/EREBP regulon 
during germination which act as a component of the hormone, sugar, and redox 
signaling for abiotic stresses (Buitink et  al. 2006; Dietz et  al. 2010; Maia et  al. 
2011).

Salah et al. (2015) highlighted the effect of polyethylene glycol seed priming on 
the physiological and molecular mechanism of two cultivars of Oryza sativa L. 
under different levels of zinc oxide nanorods. Under nano-ZnO stress, PEG priming 
resulted in significantly reduced antioxidant enzyme activities as well as malondial-
dehyde contents. Gene expression analysis suggested that PEG priming downregu-
lated the expression of APXa, APXb, CATa, CATb, CATc, SOD1, SOD2, and SOD3 
genes as compared to non-primed seeds under stress. The ultrastructural analysis 
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showed that nano-ZnO stress significantly damaged the leaf mesophyll and root 
cells in both cultivars. However, seed priming with PEG significantly alleviated the 
toxic effects of nano-ZnO stress and improved the cell structures of leaf and roots in 
both cultivars.

Rice plants pretreated with H2O2 showed higher mRNA levels for Δ′-pyrroline- 
5- carboxylate synthase (P5CS), involved in the biosynthesis of proline (Uchida 
et al. 2002).

The DNA repair system was activated in Artemisia sphaerocephala and Artemisia 
ordosia during seed priming that could improve seed viability under stressed envi-
ronment (Huang et al. 2007). In another study, soaking the seeds of Medicago trun-
catula in water increased the level of 8-oxodG, the main oxidative DNA lesion 
occurring under oxidative stress, while in osmoprimed seeds, the oxidative damage 
was temporally shifted indicating the protective role of osmotic agent within the 
first few hours of rehydration (Balestrazzi et al. 2011).

3.3  Temperature Stress

Extreme temperature stress has a detrimental effect on the metabolic activities of 
crop plants. Seed priming techniques are used by various researchers to combat 
temperature stress in various crops. Heat stress adversely affects yield of late-sown 
wheat. Osmoprimed late-sown wheat ameliorated the adverse effect of high tem-
perature by increasing the number of tillers, biological yield, and harvest index 
(Mustafa et al. 2017). On the other hand, chilling stress is also responsible for limit-
ing the growth and productivity of many crops. Low temperature results in poor and 
erratic germination as a result of reduced water uptake (Li et al. 2013), membrane 
injury, less cellular respiration (Xing and Rajashekar 2001), and elevated ROS lev-
els (Nayyar et al. 2005). Low temperature-induced damage to cell organelles results 
in disruption of key physiological processes. It is manifested by inhibition of cell 
division and elongation and metabolic imbalance in plant tissues which is eventu-
ally translated into disturbed seed morphology (Ruelland et al. 2009; Li et al. 2013).

In rice plants, Hussain et al. (2016) studied the function of various seed priming 
techniques such as hydropriming, osmopriming, redox priming, chemical priming, 
and hormonal priming to impart tolerance against chilling. Low temperature affected 
various physiological processes like delayed germination and poor seedling growth 
in unprimed rice. The metabolic events associated with seed reserve mobilization 
and respiration was reduced. Control rice seedlings showed an increased lipid per-
oxidation and hydrogen peroxide accumulation. Seed priming safeguards the seed-
lings from oxidative stress by triggering the activities of antioxidant enzyme system 
like superoxide dismutase, peroxidase, and catalase and the accumulation of gluta-
thione and free proline. Corn seeds primed with melatonin show increased tolerance 
to chilling stress upon germination (Kołodziejczyk et al. 2016).

To summarize, we have postulated a schematic diagram to depict the physiologi-
cal, biochemical, and molecular changes in primed seeds in Fig. 3.
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4  The Concept of “Stress Memory” During Seed Priming

Priming is akin to pre-germination stress exposure that can establish a “stress mem-
ory” in the seeds (Bruce et  al. 2007). Thus, the enhanced tolerance during post- 
priming germination may be due to the priming-induced “cross-tolerance.” Various 
studies have elucidated the “cross-tolerance” response in various crops, e.g., NaCl 
priming imparted tolerance to PEG-induced drought stress in sugarcane (Saccharum 
officinarum) and high-temperature tolerance in barley (Hordeum vulgare); H2O2 
priming induced salt and heat tolerance in wheat seedlings and maize seeds, respec-
tively; and hydro-, CaCl2, and ABA priming imparted salt and drought stress toler-
ance in Indian mustard (Brassica juncea) (Wahid et al. 2007, 2008; Mei and Song 
2008; Patade et al. 2009; Srivastava et al. 2010). Figure 4 represents the stress sig-
naling mechanism mediated by stress memory in primed seeds.

Chen and Arora (2011) summarized the strategies to improve seed stress toler-
ance with two approaches: (1) ensuring an advanced status of the germination and 
(2) providing priming-induced “stress imprint.” A noticeable response of priming 
effect was seen into the later plant developmental stages, e.g., soybean seeds coated 

Fig. 3 Physiological, biochemical, and molecular changes in primed seeds
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with melatonin showed improved tolerance to drought (Wei et al. 2014). Similar 
results were observed in wheat seeds treated with H2O2 (He et al. 2009). All these 
studies reinforce the opinion that seed priming is an efficient method for improve-
ment of stress tolerance in plants through the application of “stress memory,” most 
likely through epigenetic modifications.

5  Conclusion

Abiotic stress at the germination stage is caused by extreme temperatures, water 
excess or limitation, soil crusting, and salinity individually or in combination, lead-
ing to poor germination, irregular plant stand, and low yields. The mitigation of the 
adverse effects of the stresses at the germination stage can improve the chances of a 
good crop stand which further leads to higher yield from the suboptimal growing 
environment. Seed priming is a pre-sowing controlled hydration of seed with differ-
ent techniques followed by dehydration, to increase the speed and uniformity of 
germination and emergence under stress conditions. It has the advantages of being 

Fig. 4 Mechanism of stress signaling in primed seeds
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practical and inexpensive that guarantees its acceptance by the farmers. At the physi-
ological level, it results in hastening and synchronization of germination, leading to 
uniform plant growth under abiotic stress. Biochemical responses of seed priming 
include activation of various signaling pathways and cellular responses in the early 
stages of growth such as the antioxidant defense system, increased protein synthesis, 
sugar and starch accumulation, etc. Molecular changes in primed seeds in response 
to stress involve the activation of transcription factors, posttranslational modifica-
tions, and expression of stress-responsive genes. Also, stress memory or “stress 
imprint” that is generated during priming due to abiotic stresses activates the stress-
responsive system in primed seeds and makes them to be more resistant to subse-
quent stress exposure. These mechanisms establish a “priming memory” in seeds 
which can be employed for stress tolerance at a later exposure stage. In the holistic 
sense, seed priming can induce early vigor response brought about by activation of 
the germination metabolism that helps the seed to mitigate stress and establish the 
crop stand. Upscaling of the priming techniques and studies on maintaining the lon-
gevity of primed seeds under storage would help in expanding their application 
under field conditions. Basic research in seed priming complemented with molecu-
lar biology can help in deciphering the mechanisms that are pivotal in explaining the 
early seedling vigor and improved stand establishment of primed seed.
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Abstract Seed priming is an age-old practice in agriculture. Seed germination and 
seedling growth can be improved through seed priming (seed hydration–dehydra-
tion–rehydration techniques) and seed coating with different living and nonliving 
substances. Seed priming is an age-old practice in agriculture dates to 1926 showed 
that rapid germination and seedling growth due to chlorine water priming. Seed 
priming break ups the seed cover, decreases inhibitor concentration in hull and 
endosperm and transforms the seeds into a higher state of activation. Both germina-
tion rate and seedling growth turn out to be fast and superior in primed seeds com-
pared to non-primed seeds, while capsulated seed gets some essential ingredients 
required for fast and uniform germination from the coating substances. It is observed 
that different priming agents improve tolerance to excess and deficit water, salinity, 
metal toxicity and temperature and different biotic stresses in rice. Reports show 
that capsulated seeds with appropriate pelleting agents induce tolerance to abiotic 
stresses such as germination stage oxygen deficiency, cold, drought and salinity. 
Seed treatments have greater impact to stabilize rice yields under adverse condi-
tions. In this chapter, physiological and biochemical status of primed seeds are dis-
cussed in relation to tolerance to diverse abiotic stresses in rice.

Keywords Abiotic stresses · Rice · Seed invigoration · Tolerance · Yield

Abbreviations

ABA abscisic acid
ALA 5-aminolevulinic acid
As arsenic
Bo boron
CaCl2 calcium chloride
CAT catalase
Cd cadmium
CL chitosan-lignosulphonate polymer
Cr chromium
DNA deoxyribonucleic acid
E eugenol
GA gibberellic acid
GPX glutathione peroxidase
GSOD germination stage oxygen deficiency
H2O2 hydrogen peroxide
Hsp70 heat shock protein 70
IAA indole-3-acetic acid
KCl potassium chloride
KNO3 potassium nitrate
LEA late embryogenesis abundant
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MDA malondialdehyde
Mn manganese
mRNA messenger RNA
P phosphorus
PAs polyamines
Pb lead
PEG polyethylene glycol
RNA ribonucleic acid
ROS reactive oxygen species
RQ respiratory quotient
SA salicylic acid
Se selenium
SOD superoxide dismutase
SPD spermidine
SPM spermine
Zn zinc

1  Introduction

Rice, the world’s most important cereal, provides food and livelihood in South and 
Southeast Asian countries. Almost half of the world populace meet their daily 
energy requirement from it. In Asia approximately 90% of rice is produced and 
consumed (Khush 2005), so any disturbances that decrease the rice yield bring pov-
erty and food insecurity (Zeigler and Barclay 2008; Sarkar et al. 2018). Rice pro-
duction is now at verge of fall, even in the areas of assured irrigation due to 
weather-related consequences (Rang et al. 2011; Brown et al. 2018). Several imped-
ing factors starting from industrialization to housing risk-free premium land is con-
verted from agricultural to non-agricultural land. Rice cultivation is now 
concentrating more in riskier areas. These areas are now more vulnerable than 
before by the effect of drought, salinity, submergence, temperature and many more 
other stresses due to unprecedented occurrence of climate change (Roy and Guha 
2017; Brown et al. 2018; Sarkar et al. 2018). Millions of hectares of rice land are 
affected because of these stresses (Sarkar et al. 2006; Bailey-Serres and Voesenek 
2008; Radanielson et al. 2018). In vast South and Southeast Asian countries, rice is 
mainly cultivated during rainy season (June–November) (Seck et al. 2012; Singh 
and Sarkar 2014; Smith et  al. 2017). So, sustainable rice production during this 
period is the guarantee of stress-free life during the rest time of the year. During 
rainy season, among the weather-related main problems are drought, submergence 
and salinity, whereas during dry season, high and cold temperature and salinity at 
coastal areas are predominant abiotic stresses (Reddy et al. 2009; Sarkar et al. 2013, 
2018; Ray et al. 2016; Radanielson et al. 2018). High temperature stress at flower-
ing and grain-filling stages is not so severe to rainy season compared to dry season 
in the case of rice. Temperature during the month of October–November (flowering 
to grain-filling period of rainy season rice) is within the optimal range, whereas the 
temperatures from April to May (flowering to grain-filling period of dry season rice) 
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sometimes greatly shoot up above the optimal range (33–35 °C). It was reported that 
even 1-h exposure at temperature of >35 °C at anthesis could create greater sterility 
in rice (Yoshida 1981; Rang et al. 2011).

Therefore, to get rid of food insecurity, improving productivity of rice under the 
adverse effect of climate change is crucial. Alleviation of stress-induced damage can 
secure greater productivity. Among the different techniques employed to alleviate 
stresses, seed priming is thought to be an easy technique, which can improve produc-
tivity under different stressful environments (Abichandani and Ramiah 1951; 
Bradford 1995; Farooq et al. 2009; Sarkar 2012; Singh et al. 2016). ‘Sampietro in 
1926 showed that rice seed soaked in chlorine-water produced more rapid germina-
tion, with subsequent seedling development as much as 27% better than with 
untreated seed’ (Mikkelsen and Sinah 1961). Abichandani and Ramiah (1951) 
reported that seed treatment with nutrient solution improved yield in rice. Germination 
takes place in three phases such as (1) phase I, imbibitional stage; (2) phase II, acti-
vation stage; and (3) phase III, germination stage (Fig. 1). Seed priming is the termi-
nation of germination process at phase II. Germination process is stopped through 
dehydration. These seeds preserve the biochemical constituents of activation stage 
even after dehydration, and therefore, time to germination is shorten in prime seeds 
compared to non-primed seeds (Sarkar 2012; Sasaki et al. 2015). It is to be looked 
whether the benefit of early germination is translated in later stages of growth or not. 
Rice is cultivated either through direct seeding or transplanting. Is seed priming 
more remunerative to direct seeded rice or transplanted rice? Likely the question 
arises: does crop raised with the primed seeds tolerate the abiotic stresses better at 
seedling to early seedling stages or at later period of growths? As seed priming is 
done with different agents, does the effect of such agents continue up to the stage of 
maturity or not? These show that getting benefit of seed priming in rice, an in-depth 
understanding is needed: how and where the primed seeds are to be sown so that it 
can alleviate the stress tolerance level and in return can deliver greater benefit.

Fig. 1 Major events associated with seed priming in rice
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2  Difference Between Seed Invigoration and Seed Priming

Basically, there is no difference between seed invigoration and priming. Any pre- 
sowing treatment of seeds that improves the vigour or status of the seeds is known 
as seed invigoration. Seed priming is a part of seed invigoration, which involves 
control hydration and drying of seeds. Seed invigoration has been done in different 
ways to improve the germination percentage and plant establishment. To control 
disease and pest, treatment of seeds with fungicide and pesticide are done. Besides, 
several agents either living (e.g. Bacillus subtilis, Trichoderma sp.) or nonliving 
(e.g. calcium peroxide, iron oxide) and other materials are used for seed coating 
before sowing. Seed coating or mixing of seeds with different substances is done to 
improve production under a set of environment, e.g. coating of seeds with calcium 
peroxide improves plant establishment under oxygen deficiency as calcium perox-
ide supplies extra oxygen to germinating seeds under hypoxia/anoxia (Vijayan et al. 
2018). Likely treating the seed of rice with Trichoderma harzianum improves salin-
ity tolerance in rice (Rawat et  al. 2012). Basically, coating does not initiate the 
process of seed germination; however, when seeds are germinated, it alters the plant 
growth. Biopriming is a term commonly used when biological agents act as coating 
substances (Rawat et al. 2012; Singh et al. 2016). Due to the popularity of the term 
‘priming’, the terminology ‘priming’ is now frequently used even where the tech-
nique of controlled hydration-dehydration is not practised.

3  Factors Influencing Seed Priming

As the definition goes, seed priming is the initiation of germination process fol-
lowed by termination of the process. Before root initiation, the hydrated seeds are 
dried up, and later these dried seeds are used up for cultivation. Besides, soaking of 
seed is also done with different water-soluble chemicals, extracts of different 
organic materials and bio-agents. It is thought that presence of such materials in 
half-germinated seeds may boost up plant growth. So, another aspect of seed prim-
ing is to laden up growth-promoting substances into the seeds. Non-dormant seeds 
started to germinate when the environment is favourable. Temperature plays a key 
role during imbibition followed by germination. Seedling growth largely depends 
on seed reserves, and the temperature quotient for growth rate is nearly double 
(Yoshida 1973). Seed germination rate decreases if the temperature is above or 
below 30 °C (Uneo and Miyoshi 2005; Tilebeni et al. 2012). Depending on the tem-
perature, time to seed priming differs (Farooq et al. 2006a). It may be 1 day at 25 °C 
but 4 days at 15 °C; however at optimal temperature of 30 °C, it may be 16–18 h 
(Farooq et al. 2009; Sarkar 2012). Likely, any seed priming medium that hinders 
imbibition process can delay the germination process. Timings of seed priming 
depend on the methods of priming. Limited work has been done on seed hydration 
with aeration. Farooq et  al. (2007) reported that osmopriming under aerated 

Seed Priming Alleviates Stress Tolerance in Rice (Oryza sativa L.)



186

condition resulted in improved germination percentage, stand establishment and 
yield in rice. Under elevated oxygen level, timing to germination may decrease 
compared to hypoxia (suboptimal level of oxygen) (Vijayan et al. 2018). All these 
show that there are no fixed timings for incubation of seeds for priming. 
Standardization of procedure is important to get the effectiveness of the seed prim-
ing technique.

4  Seed Priming Methods

Different techniques of seed priming are being described in literature depending on 
constituent of the priming medium. To alleviate the stress tolerance, simple 
hydropriming is not always pertinent; therefore methodologies with or without 
associated agents to counteract the stress effects are important.

4.1  Seed Priming Through Hydration-Dehydration Technique

Hydropriming: Seeds are soaked with water without any additional substances in 
the solution.

Osmopriming: When solutes that alter the water potential of solution is used as 
priming agents, it is known as osmopriming. Polyethylene glycol, calcium chloride 
and sodium chloride are some examples.

Redox priming: When chemicals that change the redox state of the solution is 
used as priming agent, it is called as redox priming. Hydrogen peroxide (H2O2) is a 
good agent for redox priming.

Nutrient/chemical priming: Chemicals that supply the major and minor nutrients 
such as N, P, K, S, Zn, B, Se, etc. are used as in the case of nutrient/chemical 
priming.

Organic/hormonal priming: Different organic substances or hormones are used 
as priming agent, e.g. polyamines, and plant growth regulator such as kinetin, gib-
berellic acid, auxin, salicylic acid, etc.

Botanical priming: Instead of chemicals or synthetic materials, plant extracts are 
used as priming agent.

Nanopriming: Priming is done with nanoparticles like biocompatible silver 
nanoparticles, etc.

Matripriming: Instead of putting the seeds inside the liquid medium, here seeds 
are mixed with granulated clay particulates or vermiculite medium. Water is slowly 
absorbed by the seeds.

On-farm seed priming: This technique is popular among the rice farmers. Seeds 
are soaked overnight (10–12  h) at room temperature ranging from 25  °C to 
32  °C. Surface of the soaked seeds is dried up for easy handling before sowing 
(Harris et al. 1999, 2001). The seeds are sown either on the seedbed or in the field 
where moisture is optimum.
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Basically, each technique of seed priming is not much different from another 
technique. In literature the different terminologies are used based on the usage of 
substances as priming agents.

4.2  Seed Invigoration Through Coating with Chemicals/
Bio-agents

Inorganic coating: Capsulated seeds are made with different chemicals/substances 
of inorganic origin.

Organic coating (biopriming): Biological agents mainly living organisms are 
coated with seeds.

5  Seed Priming and Rice Seeds

5.1  Hull: Water Uptake and Gaseous Transport

Imbibition is the first step of seed germination. Decrease in water uptake by germi-
nating seeds slows down the germination process. Alternatively better oxygen avail-
ability to germinating embryo enhances the speed of germination and seedling 
growth (Roberts 1961). Intact rice hull restricts both water and gaseous transports 
(Toole et  al. 1956). Seed germination occurs when adequate amount of water is 
absorbed, and seed coat becomes soft and elastic (Steinbrecher and Leubner- 
Metzger 2018). Initially rice hull restricts water absorption, and therefore, water 
uptake is slowed down at initial period of imbibition. With time, water uptake is 
increased. The entry of water during imbibition into the cells of dry seeds breaks the 
hull and aleurone layer (Bewley 1997). To impose seed priming, soaked seeds are 
again dried up. These seeds are more efficient to absorb water and do not create 
much restriction in gas movement. Restrict movement of water and gases have long 
impact on seedling vigour and growth (Parija 1943; Toole et  al. 1956; Welbaum 
et al. 1998). Due to lesser inhibitory action of hull, primed seeds are more capable 
to germinate fast and to give better seedling (Parija 1943; Toole et al. 1956).

5.2  Growth Inhibitor

Hull is the protective layer of embryo. Under unfavourable condition, it protects the 
seed. Rice is grown mostly in rainy season. Frequent rain during seed maturation 
stage creates favourable environment for seed germination. Several reports have 
shown that presence of growth inhibitors either in the hull or in the endosperm or in 
both hull and endosperm inhibits germination and protects the seeds from unwanted 
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germination (Toole et al. 1956; Mishra and Patnaik 1959; Takahashi et al. 1976). 
Presence of growth inhibitor slows down the germination process (Waheed et al. 
2012; Shiratsuchi et al. 2017). Sircar et al. (1955) observed that greater concentra-
tion of auxin in endosperm retarded the growth of the embryo at the initial stages of 
germination. They removed a fraction of endosperm and observed better germina-
tion and seedling growth. Later, it was observed that antagonism between ABA and 
GA controlled the germination (Hayashi 1987; Zhu et al. 2009). Greater concentra-
tion of ABA in seeds inhibits germination, whereas GA promotes germination 
(Hilhorst and Toorop 1997; Bewley and Nonogaki 2017). ABA-deficient mutants 
have lower water potential and thereby improve the water uptake vis-à-vis germina-
tion. So, mutants with lesser ABA content take up water easily and confront less 
inhibitory action on germination. Once seeds are soaked, in addition of weakening 
of the hull tissues and loosening of cell wall of the embryo, many growth inhibitors 
are also leached out from the seeds (Bradford 1995; Hilhorst and Toorop 1997; 
Bewley and Nonogaki 2017). During rehydration processes, in absence of inhibi-
tory concentrations of inhibitors, the action of growth promoters is accelerated, and 
germination becomes faster (Bewley and Nonogaki 2017).

5.3  Physiological, Biochemical and Molecular Status 
at Phases I and II of Seed Germination

Seed germination is an intricate procedure. Mechanical barrier exerted by seed coat 
can be overcome by the germinating embryo when seed coat is loosened and weak-
ened. The processes are under control of hormones such as GA, ABA, ethylene, 
auxin, jasmonates and nitric oxide (Finch-Savage and Leubner-Metzger 2006; 
Steinbrecher and Leubner-Metzger 2018). ABA which inhibits germination, the 
level of it is high in matured seeds (Finkelstein and Gibson 2002). During imbibi-
tional process, concentrations of ABA decrease, while concentrations of GA start to 
increase. Through seed priming, optimal balance of the plant hormones is achieved 
(Varier et al. 2010). Activity of endo-β-mannanase increases during the phases I and 
II of germination (Welbaum et al. 1998; Wang et al. 2005). This enzyme weakens 
cell wall of the endosperm around radical to make its emergence easier (Bewley 
1997). GA enhances endo-β-mannanase activity, whereas ABA inhibits its activity 
(Wang et al. 2005). Seeds of rice contain mannan polymers, which is cleared by the 
action of endo-β-mannanase that helps in storage mobilization (Dirk et  al. 1995; 
Wang et  al. 2005). Several hydrolytic enzymes such as α-amylase, debranching 
enzymes, α-glucosidase, acid and alkaline phosphatase as well as phytase are over-
expressed during phase II of seed germination to utilize the storage (Panda et al. 
2017). New protein synthesis and respiration speed up during phase, I whereas dur-
ing phase II, the biochemical changes become stable. In both stages, new mRNAs 
and proteins are synthesized to continue the germination process (Das et al. 2015). 
Greater numbers of mitochondria appear to support the energy requirement during 

R. K. Sarkar et al.



189

these stages (Bai et al. 2017). Phase II is a critical developmental stage to implement 
seed priming. Germination is aborted at this phase. Major metabolic events such as 
mitochondrion repair, restoration of cellular integrity, DNA repair and breakdown of 
stores and synthesis of new RNAs and proteins take place during phase II. Gene 
expression and maximal metabolic events depend on the timing of seed imbibition. 
During phase I, mainly gene associated with stress appeared, whereas during phase 
II, gene associated with carbohydrate metabolism, protein synthesis and signalling 
dominates. Cheng et  al. (2017) seeing the protein expression pattern of glucose-
1-phosphate adenylyltransferase, aminotransferase and prolamin precursor com-
mented that optimum time to stop seed soaking was 24 h at 25 °C after initiation of 
imbibition. These also showed that during phases I and II of seed germination, a 
great alteration takes place inside the germinating seed. The changes persist even 
after abortion of germination process (He and Yang 2013; Cheng et al. 2017; Narsai 
et al. 2017). So seed priming stimulates germination processes as it takes less time 
to complete the events of germination (Fig. 1).

5.4  Seed Priming and Storage

Physiology of primed seeds is different from non-primed seeds. Viability of seeds is 
lost due to decrease in respiration rate, increase in RQ and malfunction of electron 
transport chain. Once the germination process is stopped, respiration starts to 
decline, and several other abnormalities such as activation of DNase, production of 
free radicals and degradation of protein occur. These lead to loss of seed viability 
(Rajjou and Debeaujon 2008; Wang et al. 2018). It was observed that in many cases, 
primed seeds lost their viability during storage (Varier et al. 2010; Hussain et al. 
2015). Commercial success with primed seeds depends on storability of it. If the 
viability of seeds lost within shortest time, then commercial success is not achiev-
able with priming. Hussain et al. (2015) reported that viability of rice seeds declined 
within 15 days of priming at storage temperature of 25 °C, whereas Guzman and 
Aquino (2007) did not find any failure of seed viability even at room temperature of 
25  °C to 30  °C.  They observed that 50% of germinability is lost within 2.4–
3.5 months and 7.2–8.5 months of storage in non-primed and hydroprimed seeds, 
respectively. Seed priming did not deteriorate seed viability as observed by several 
other workers also (Basu et  al. 1974; Basu and Pal 1980). Hussain et  al. (2015) 
reported that storing of primed seeds at 4 °C did not deteriorate seed viability even 
after 210 days of storage. Wang et al. (2018) observed that primed rice seeds stored 
under vacuum condition either low or room temperature and at room temperature 
with low humidity did not lose their viability. It showed that interaction between 
cultivars and technique of seed priming has great impact in influencing the storabil-
ity of primed seeds (Basu and Pal 1980; Hussain et al. 2015; Wang et al. 2018). So, 
seed viability could be extended even in primed seeds through choice of suitable 
rice cultivars and use of suitable seed priming technique.
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6  Seed Priming Alleviates Stress Tolerance in Rice

6.1  Drought Tolerance

Seed priming improves germination rate, germination percentage and seedling 
vigour as we know now. Rice is mainly cultivated as direct seeding condition under 
upland conditions. Maintaining proper crop stand in upland is a great hurdle due to 
improper germination and seedling growth (Matsushima and Sakagami 2013). 
Matsushima and Sakagami (2013) found a decrease of emergence time in japonica 
cv. Koshihikari due to osmo- and hydropriming compared to non-priming. Root and 
shoot growth increased >1.3 and >  1.2 times due to osmo- and hydropriming, 
respectively, compared to non-priming. Goswami et al. (2013) observed superiority 
of priming over non-priming in cv. Kshitish. Among the different priming methods, 
priming with 5% PEG-6000 solution found to be more effective compared to 
hydropriming and priming with NaCl and KH2PO4 (Goswami et al. 2013). Priming 
improved both germination and seedling growth under drought stress due to better 
detoxifying of reactive oxygen species (ROS). The contents of malondialdehyde 
(MDA), a product of lipid peroxidation, decreased significantly in primed seeds 
compared to non-primed seeds. Status of glutathione peroxidase (GPX), manganese 
superoxide dismutase (MnSOD) and heat shock protein 70 (Hsp70) increased due 
to priming, so primed seeds performed better under drought stress than non-primed 
seeds. Some cultivars responded better compared to others under seed priming 
(Basra et al. 2006; Li and Zhang 2012). Hussain et al. (2016a) observed better ger-
mination and seedling growth under drought in pigmented rice japonica cv. Heug 
Jinju Byeo compared to non-pigmented rice cv. Anjoong under hydropriming and 
osmopriming with CaCl2 (−1.25 MPa). Seedlings grown from primed seeds showed 
better antioxidant and photosynthetic activities and maintained greater leaf water 
status and total plant biomass. Zheng et al. (2016) reported that priming with sper-
midine (0.5 mmol L−1) enhanced emergence rate and seedling growth in two indica 
rice cvs. Huanghuazhan (inbred) and Yangliangyou 6 (hybrid) compared to hydro-, 
nutrient and osmopriming. Seed priming done either with hormone or nutrient solu-
tions had similar effect in improving drought/osmotic stress tolerance in rice (Li and 
Zhang 2012; Wojtyla et al. 2016). Positive effect of hormonal priming with phyto-
hormones, viz. ABA, GA and SA, on drought tolerance has been reported by several 
workers (Basra et al. 2006; Li and Zhang 2012). During dehydration on the cessa-
tion of phase II, large amount of LEA protein is formed that supports the seedling 
growth and imparts tolerance to drought, salinity and cold stresses (Rodriguez- 
Valentin et al. 2014; Wojtyla et al. 2016). The biochemical changes that occur dur-
ing seed priming imprint the stress memory in seeds. While encountering drought 
stress, the ‘primary memory’ starts to work and activates several genes pertaining to 
drought stress, and therefore, seed priming modulates the level of signalling mole-
cule vis-à-vis drought tolerance (Bruce et al. 2007; Wojtyla et al. 2016).
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6.2  Salinity Tolerance

Salinity threat is increasing due to erratic rainfall, excessive irrigation and deposi-
tion of salt into the soil, intrusion of seawater and other climatic anomalies day by 
day (Pereira 2016). Rice is highly susceptible to salt stress at early seedling and 
flowering stages whereas comparatively tolerant at germination, late vegetative and 
grain-filling stages (Sarkar et al. 2013; Singh and Sarkar 2014). Rice once germi-
nates if exposed to salt stress dies out quickly. Robust seedlings counterbalance the 
salt stress better compared to weak seedlings due to salt dilution at tissue level 
(Munns and Tester 2008; Sarkar et  al. 2013). Salinity affects seedling growth 
through osmotic and ionic stresses. Like drought, salinity also impairs cell mem-
brane structure and function and damages nucleic acid and protein through exces-
sive production of ROS. Seedlings grown from primed seeds are more capable to 
detoxify the ROS (Ibrahim 2016). Afzal et al. (2012) reported that osmopriming 
with CaCl2 (Ψs = −1.25 MPa) and KCl (Ψs = −1.25 MPa) and redox priming with 
H2O2 (50  mM) each for 36  h improved salt tolerance in two rice cvs. Shaheen 
Basmati (salt tolerant) and Basmati-2000 (salt sensitive). Germination rate and 
speed and seedling vigour were more under osmopriming in these two cultivars 
compared to hydropriming and non-priming conditions (Afzal et al. 2012). In their 
observation, redox priming was injurious compared to hydropriming and non- 
priming. Chunthaburee et al. (2014) observed that chemical priming with spermi-
dine (1 mM) was more effective than hormonal priming with GA3 (0.43 mM) in 
combating salt stress in Niewdam 00621 (salt tolerant) and KKU-LLR-039 (salt 
sensitive). Seedlings grown from primed seed exhibited better antioxidant activities. 
Seedlings raised from primed seeds accumulated fewer concentrations of Na+ and 
H2O2 and more amounts of K+ and proline in leaves. The beneficial impact of prim-
ing was more in salt-susceptible cultivar compared to salt-tolerant cultivar 
(Chunthaburee et  al. 2014). Seed priming with polyamines (PAs), viz. spermine 
(SPM) and spermidine (SPD), improved the transcriptome profile of key genes gov-
erning antioxidant systems, osmolyte and ABA biosynthesis, ion transport, late 
embryogenesis abundant genes, photosynthetic genes, PA metabolic enzymes and 
several transcript factors, which were associated with salt tolerance in both salt- 
susceptible cv. IR64 and salt-tolerant cv. Nonabokra (Paul and Roychoudhury 
2017). Polyamines were found to be the best material to be used as seed priming 
agent to improve salt tolerance in rice (Roychoudhury et al. 2011; Yu et al. 2016).

6.3  Temperature Tolerance

Temperature stress either low or high affects rice growth. During germination, chill-
ing stress affects rice growth in those areas where rice is sown during the months of 
winter or early spring season. The same crop may experience high temperature 
stress in the months of April to May at the time of flowering to grain-filling stages. 
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Temperatures below or high of normal during flowering to grain-filling stages 
impair grain development and thus decrease rice production. Seed priming has great 
impact to alleviate chilling/cold stress in rice at germination and early vegetative 
stages. Seed priming with Se (50 mM) and SA (100 mg L ̶ 1) enhanced seed germina-
tion under chilling stress (night temperature 13.4  °C) by 21–26% of the cvs. 
Huanghuazhan (inbred) and Yangliangyou 6 (hybrid) (Wang et al. 2016). Several 
other priming methods such as hydropriming, osmopriming with CaCl2, redox 
priming with H2O2 and seed coating with Hanyubaomu and Miaoboshi were not so 
effective compared to Se and SA to combat chilling stress in rice (Wang et al. 2016). 
Pouramir-Dashtmian et al. (2014) observed better seedling growth at 8 °C and 12 °C 
in rice cv. Khazar due to SA priming. Nutrient priming with KNO3 was ineffective 
under chilling stress (Tonel et al. 2013). Seed priming with Se and SA improved the 
activities of antioxidant enzymes such as superoxide dismutase, peroxidase and 
catalase and triggered the accumulation of glutathione and free proline and enhanced 
respiration (Pouramir-Dashtmian et al. 2014; Hussain et al. 2016b; Sheteiwy et al. 
2017). Primed seeds with Se and SA were able to counterbalance the negative 
effects of chilling stress (18 °C) through diminution of oxidative stress, increment 
of respiration rate, α-amylase activity and activation of storage utilization to supply 
energy to growing plant tissues and protection of structural and functional ability of 
protein, cell membrane and nucleic acids (Wang et al. 2016; Hussain et al. 2016b; 
Sheteiwy et al. 2017). SPD (5 mM) and ALA (8.5 mM) were found to increase chill-
ing tolerance in rice cvs. ZY 6 and QY 1 (Sheteiwy et  al. 2017). In addition to 
antioxidant system and enhanced carbohydrate utilization, priming with these two 
substances also enhanced the activities of PA biosynthesis enzymes such as arginine 
decarboxylase, ornithine decarboxylase and S-adenosylmethionine decarboxylase. 
Relative expression of genes associated with PA biosynthesis was greater under 
SPD and ALA priming compared to non-priming (Sheteiwy et al. 2017).

6.4  Submergence Tolerance

Rice is grown at different ecosystems starting from rainfed lowland flood-prone to 
aerobic to irrigate ecologies. Under irrigated ecology, transplanting is the main 
means of rice cultivation, whereas under aerobic condition, direct seeding is the 
only way. Under rainfed lowland, both direct seeding and transplanting methods are 
followed. Direct seeding reduces the cost of cultivation under irrigated condition, 
whereas in addition to reduction of cultivation cost in rainfed lowland, it exerts 
more robustness in seedlings, enabling them to withstand complete submergence 
during flooding. Direct seeding has several advantages, yet it needs a paradigm shift 
in the process of cultivation to realize the full potential of the method (Das et al. 
2004; Vijayan et al. 2018). Sowing of seeds on the surface of soil surface invites bird 
menace. Splattering of seeds occur due to torrential rain. Floating of germinating 
seedlings under standing water causes impairment of seedling establishment and 
greater lodging compared to the seeds sown beneath the soil surface. The ultimate 
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consequence is poor plant stand and reduced grain yield. However, the problem is 
more aggravated if seeds are sown beneath the soil surface, and due to unwanted 
rain, stagnation of water occurs on the surface of the field. Flooding creates a 
hypoxic zone beneath the soil surface (Hagiwara et al. 1987). Under such condition 
though germination occurs in rice, the growth of coleoptile is minimal, while the 
growth of radical is severely inhibited. Under submergence, seed priming was found 
effective in plant establishment owing to fast emergence of radical and better cole-
optile growth (Das et  al. 2004; Ella et  al. 2011; Sarkar 2012; Illangakoon et  al. 
2016). Seed priming with 2% jamun (Syzygium cumini) leaf extract or water 
(hydropriming) greatly accelerated the activities of total amylase and alcohol dehy-
drogenase in rice (Ella et al. 2011; Sarkar 2012). Non-primed seeds showed poor 
SOD and CAT activities and greater lipid peroxidation than primed seeds in both 
tolerant (Khaiyan and Khao Hlan On) and susceptible (FR13A and IR42) rice culti-
vars (Ella et  al. 2011). It was observed that the rice cultivar tolerant to GSOD 
responded well under priming than cultivar susceptible to GSOD (Illangakoon et al. 
2016). So, seed priming is an additional tool to improve crop establishment under 
stagnation of water over and above the tolerant genotype. Submergence during ger-
mination creates oxygen deficiency (Ray et al. 2016). The rice tolerant to GSOD 
performs well due to better carbohydrate metabolism, shifting of aerobic to anaero-
bic respiration, counteracting oxidative stress, efficient N metabolism and increased 
production of ethylene along with co-ordinated action of ABA, GA and G proteins 
(Vijayan et al. 2018). Genes associated with cell proliferation and development, and 
of such metabolic events are overexpressed in GSOD tolerant rice compared to non- 
tolerant rice (Vijayan et al. 2018). As we observed, seed priming enhanced several 
metabolic activities, which in turn helped rice to tolerate oxygen deficiency at ger-
mination stage (Ella et al. 2011; Sarkar 2012; Illangakoon et al. 2016; Hussain et al. 
2016c). Hussain et al. (2016c) found greater alteration in transcriptomic profiling of 
Se and SA primed seeds than non-primed seeds. Genes associated with GSOD tol-
erance such as carbohydrate and nitrogen metabolism, oxidative stress and cell 
elongation and development are overexpressed in Se and SA primed seeds com-
pared to non-primed seeds under oxygen deficiency/submergence.

6.5  Metal Toxicity

Growing rice in heavy metal-contaminated areas is one of the most challenging 
tasks. Heavy metals such as Pb, Cd, Cr and Mn and metalloids such as arsenic (As) 
affect not only plant productivity but also cause severe toxicity to animals and 
humans, leading to various diseases and death (Fan et al. 2017). Arsenic toxicity to 
human is widespread causing several deaths throughout the world (Kalita et  al. 
2018). Seed priming has been found to be an easy technique to grow rice under 
metal- and metalloid-contaminated soils (Shinwari et al. 2015; Moulick et al. 2016, 
2018). Salicylic acid priming has been found better than hydropriming to counter 
the chromium (Cr) toxicity in two rice cvs. Basmati 385 and Shaheen Basmati 
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(Shinwari et  al. 2015). Seed priming accelerated seed germination and seedling 
growth; maintained greater pigment levels; improved status of metabolites, viz. pro-
line and glycinebetaine, total soluble proteins and sugars; slowed down the cell 
membrane damage; and decreased the absorption of Cr by the seedlings. Seed prim-
ing with Se (0.8–1  mg L̶ 1) alleviated As toxicity in rice cvs. Kranti, IR36 and 
IET4094 (Moulick et al. 2016, 2018). Arsenic accumulation in both shoot and root 
decreased significantly in seedlings grown from Se primed seeds compared to non- 
primed seeds. Seedlings grown from Se priming seeds were able to protect cell 
membrane damage from As toxicity and maintained greater concentrations of 
metabolites such as proline and total phenolics. Salah et al. (2015) found effective-
ness of PEG as primed agent to decrease the Zn toxicity in rice cvs. Zhu Liang You 
06 and Qian You No. 1. PEG priming protected the cell structures of leaf and roots 
from nano-zinc oxide stress.

7  Seed Coating and Biopriming in Rice

7.1  Seed Coating and Nutrient Efficiency

Seed coatings with micro or major elements have been done to improve the perfor-
mances of plants under nutrient-deficient soil condition to boost up initial seedling 
growth and efficient utilization of applied fertilizers. Coating seeds with rock phos-
phate (0.5 Kg Kg−1 seed) improved seedling emergence and growth significantly on 
low P soil (Rosa et al. 2000). In boron (B)-deficient soil, seed coating using ‘Arabic 
gum’ with 1–2 g B Kg−1 seed was found appropriate to improve germination per-
centage and seedling growth in aromatic rice cvs. Super Basmati and Shaheen 
Basmati (Rehman et al. 2015). Seeds treated with Zn significantly improved the rice 
yield and Zn content in seeds under Zn-deficient soil (Slaton et al. 2001). Johnson 
et al. (2005) did not find any benefit of nutrient priming in rice. Seed coating with 
dolomitic limestone and aluminium silicate did not improve seedling emergence; 
however, it improved the shoot biomass in rice cvs. IRGA424 and IRGA 422 CL 
(Tavares et al. 2012).

7.2  Seed Coating and Abiotic Stress Tolerance

Direct seeding is beneficial to farmers in many respects starting from saving of 
energy to early harvesting (Sarkar et al. 1999; Sarkar and Das 2003; Kumar and 
Ladha 2011). Like seed priming (please see 6.4 part), seed coating has been found 
to be effective to induce GSOD tolerance (Yamada 1952; Ota and Nakayama 1970). 
Coating of seeds with calcium peroxide increases germination and seedling growth 
under flooded condition. The calcium peroxide-coated seeds create an oxidized 
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zone at the vicinity of the seeds through liberation of oxygen which helps in proper 
germination and establishment of rice under flooded soil condition due to greater 
α-amylase and lower alcohol dehydrogenase and pyruvate decarboxylase activities 
(Ota and Nakayama 1970; Mei et al. 2017). Hara (2017) observed improved seed-
ling emergence under flooded soil in tungstic acid- and ammonium phosphotung-
state-coated rice seeds. Yamauchi (2017) develop a technology based on Fe coating 
for direct seeding of rice. Fe-coated seeds can be stored at room temperature for >1 
year and can be handled just like non-coated seeds. The technology is useful not 
only for water and wet seeding but also for dry seeding of rice. This technology has 
great potential to replace transplanting and thus is capable to reduce the cost of rice 
cultivation (Yamauchi 2017). Fenangad and Orge (2015) developed a direct seeding 
technology based on the materials available locally in the Philippines. Seed coating 
materials were prepared by mixing cow and buffalo manures, carbonized rice husk, 
rice bran and vermin compost. After coating the seeds with these mixtures, the seeds 
were dried up and used later. Seeds coated with these materials escaped bird dam-
age and were able to germinate under submergence.

Besides submergence, seed coating was found to be effective in inducing salt 
tolerance in rice (Songlin et al. 2002). Salt tolerance of hybrid rice, viz. Shanyou 10 
and Eryoupeijiu, significantly alleviated through seed coating with chitosan (1.5%). 
Chitosan coating accelerated the activities of β-amylase and improved germination 
percentage, proline content and total soluble sugar, fructose and sucrose contents of 
germinating seeds. Rice is vulnerable at water shortage. During germination, short-
age of water leads to impair germination and seedling growth. Super absorbent 
polymer either used as a seed coat or applied in the planting grooves improved 
moisture availability of seeds and thus helped in crop establishment and growth 
under limited water supply (Rehman et  al. 2011; Barros et  al. 2017). High-qing 
et al. (2007) observed that seed coating with different pharmaceuticals improved 
cold tolerance in cvs. Jinyou 974 and Xiangzhaoxian 31. Seed coating improves the 
antioxidant status of the growing seedlings under cold stress, protects pigment 
destruction and cell membrane and induces better germination and seedling growth. 
So, like seed priming, seed coating with different agents has great impact to induce 
abiotic stress tolerance in rice.

7.3  Biopriming

7.3.1  Disease and Pests

To combat plant diseases, chemical pesticides are mostly used which are neither 
safe for the environment nor for human health. In recent times, seed biopriming 
with different biocontrol agents like Trichoderma sp. and Pseudomonas fluores-
cence has been observed to be one promising tool to combat these biotic stresses 
(David 2008). To do biopriming, attachment of biological agents to the seeds is the 
most important. Castañeda et  al. (2014) developed a technique called 
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‘electrospinning technique’. Through this technique, seeds are capsulated with 
polymer nano- fibres. The microcapsules on seed surface contain the active ingredi-
ents to control the diseases and pests. This technique improves the germination % 
of seeds as well as phytosanitary level. Seed priming with one organism to diminish 
the action of another organism has great importance to induce biotic stress toler-
ance. Palupi et al. (2017) reported that isolates of Pseudomonas diminuta A6 and 
Bacillus subtilis 5/B in combination could diminish the effect of Xoo infection 
intensity of the seeds.

7.3.2  Abiotic Stress Tolerance

Seed priming with biological organisms along with organic and inorganic chemicals 
was found to improve status of the seeds to induce abiotic stress tolerance. Seed 
coating with chitosan-lignosulphonate polymer and eugenol incorporated into 
chitosan- lignosulphonate polymer was found as good materials to incorporate both 
organic and inorganic and biological agents (Thobunluepop et al. 2008). A very thin 
film of it is coated along with biological organism on the surface of the seeds. When 
these seeds started to germinate, the organism attached to the seeds also grew along 
with the seeds. Rutin, a synthetic plant hormone at the concentration of 1 picomolar, 
boosts up the biofilm formation of the bacterium Bacillus subtilis. Biopriming of 
rice seeds with B. subtilis and rutin improved root and shoot growth, chlorophyll 
and carotenoid concentrations in rice seedlings and other beneficial aspects on plant 
development that in turn boost up the capacity to survive of the rice seedlings under 
adverse conditions (Singh et al. 2016). Biopriming of rice seeds (cv. Kalanamak 
3131) with different salt-tolerant isolates of Trichoderma harzianum alleviated salt 
tolerance (Rawat et al. 2012). The seeds treated with T. harzianum exhibited better 
seedling growth, maintained photosynthetic and antioxidant systems and accumu-
lated greater contents of proline and other metabolites compared to the seedlings 
grown from non-biopriming seeds.

8  Seed Priming Translates to Yield?

Seed priming improves germination and early seedling growth. If rice is cultivated 
through transplanting method, then germination at field level has no significance as 
rice seeds are raised with optimum condition when transplanting method is fol-
lowed. Yet, there is probability that the seedlings grown from primed seeds might be 
vigorous, which might help in production. Seed priming with CaCl2 improved fer-
tile tiller and grain number per unit area in Basmati rice (Farooq et  al. 2007). 
Seedling emergence and seedling growth at nursery showed highly significant posi-
tive association with grain yield (Farooq et al. 2007). Ghodrat et al. (2013) observed 
that seed priming with phytohormones such as indolebutyric acid (IBA), gibberellic 
acid (GA) and salicylic acid (SA) improved overall status of the seedlings at 
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nursery. Transplanting of rice with such stout seedlings improved the yield per unit 
area in rice cv. Sadri. Mondo et  al. (2016) observed that though seed priming 
improved the germination % and seedling growth at germination stage, such benefit 
did not translate into grain yield. During flowering there was no significant differ-
ence between the plants raised through primed seeds or non-primed seeds.

Transplanting is practised mainly under irrigated conditions, whereas direct 
seeding is primerly practiced under rainfed lowland and upland conditions. Farmers 
of Southeast Asian countries are shifting from transplanting to direct seeding even 
under irrigated conditions due to low cost of direct seeding than transplanting 
(Sarkar et al. 1999; Kumar and Ladha 2011). Though direct seeding is economical, 
adoption of this technology is poor due to uncertainty in germination and seedling 
establishment. Seed priming is supposed to tackle such problem. Under Indo-British 
rainfed farming project, mega on-farm trials were conducted in three states such as 
Rajasthan, Gujarat and Madhya Pradesh of India (Harris et al. 1999). The trials were 
conducted in eight villages under farmer management conditions except seed prim-
ing. Twelve hundred fifty on-farm trials were conducted with primed seeds. Farmers 
got higher grain yield by cultivating rice through primed seeds. Seedlings came out 
from the primed seeds were robust, showed earlier flowering and had better drought 
tolerance. Incidence of re-sowing was less with primed seeds compared to non-
primed seeds. Crop duration reduced while using primed seeds compared to non-
primed seeds, and farmers got more time for the next crop. The same types of trials 
were also conducted in Zimbabwe (Harris et al. 2001). It showed that seed priming 
had great importance to enhance yield under direct seeded conditions. Several abi-
otic stresses such as drought, salinity and water stagnation directly affect seed ger-
mination and seedling growth at early stage of crop development. In most of the 
cases, crop stand becomes suboptimal. Seed priming is one of the choices to improve 
crop stand to stabilize yield under the adversity of abiotic stresses (Farooq et al. 
2006b; Zeng and Shi 2008; Rehman et al. 2011, 2015; Mahajan et al. 2011; Sarkar 
2012; Binang et al. 2012).

9  Conclusion

Seed priming advances seed germination and seedling growth due to the alteration 
in physiological and biochemical state of the seed (Fig. 1). Genes associated with 
stress tolerance is overexpressed due to seed priming. The memory of stress persists 
in later stage of plant growth so that primed seeds are more prudent to overcome the 
stresses. Different priming agents are used for seed priming, which make the seeds 
more accustomed to withstanding the abiotic stresses such as drought, submergence, 
salinity, metal toxicity and temperature and even biotic stresses such as disease and 
pests. With a lot of benefits, seed priming has one disadvantage. It deteriorates the 
longevity in certain rice cultivars. Efforts are needed to reduce the disadvantages 
associated with seed priming. Knowledge pertaining to interaction between suitable 
priming technique and rice varieties can solve the seed storage problem of primed 
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seeds. Like seed priming, seed coating with living and nonliving resources greatly 
induced tolerance to different abiotic stresses such as GSOD, drought, salinity, cold 
and nutrient deficiency (Fig.  2). Direct seeded crop gets more benefit from seed 
priming compared to transplanted crop. Still date, most of the studies are done under 
laboratory conditions. Field studies under the adversary of abiotic stresses with 
primed seeds are not so much. Seed priming/coating has great business potential. 
The main bottleneck is the seed longevity and cost of coating materials. Knowledge 
on seed longevity and cost of materials and understanding of the nature of the stress 
can help in business potential and farm productivity. Seed priming is a climate-
resilient technology, and to sustain production, seed priming provides an extra arm 
to tackle the abiotic stresses under the vagaries of climate change.
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Abstract This chapter is describing the adverse effect of the salinity stress on the 
crop growth and development and how seed priming can alleviate salinity-induced 
devastating effects on plants. Growth of plant under salt stress is affected negatively 
due to oversynthesis of reactive oxygen species (ROS), leading to oxidative damage 
to biomolecule and plant membranes. The water stress and accumulation of toxic 
ions are the other major effects observed under salt stress. Overproduction of ROS 
reacts with key cellular molecules and metabolites including proteins, lipids, photo-
synthetic pigments, and DNA.  However, numerous plant species have effective 
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defense system based on antioxidants that activates once plant undergoes any abi-
otic stress. Among various antioxidants, nonenzymatic and enzymatic are essential 
to detoxify ROS and its scavenging. Recently, seed priming has gained popularity 
as it develops tolerance in plants against salinity during the germination process and 
seedling development stage. In various types of environmental stresses, the different 
priming techniques as osmopriming, hydropriming, hormonal priming, nutrient 
priming, chemical priming, bio-priming, matrix priming, and redox priming are 
employed. There has been increasing evidence that priming stimulates the cellular 
defense response that induces tolerance to biotic and abiotic stresses upon exposure 
in the field.

Keywords Seed priming · Salt stress · Reactive oxygen species · Antioxidants · 
Abiotic stress tolerance

1  Introduction

Among various abiotic stresses, salt stress is considered as a major threat to agricul-
tural crops globally. Crop plant experiencing salinity shows poor growth due to 
toxic ion accumulation and disturbed water relation balance (Rehman et al. 2016). 
The enhanced accumulation of reactive oxygen species including hydrogen perox-
ide (H2O2), singlet oxygen (1O2), and superoxide anions (O2

•−) under salt stress 
induces oxidative damage to plants (Ashraf 2009; Ali et al. 2017). These species are 
highly reactive and promptly react with biomolecule substances and essential cel-
lular metabolites such as DNA, proteins, pigments, and lipids (Ashraf 2009). 
Accumulation of ROS leads to multiple impairments such as deactivation of anti-
oxidative defense system and lipid peroxidation (Tanou et al. 2009; Anjum et al. 
2015, 2016a; Shahzad et al. 2018 a, b; Fahad et al. 2019), although H2O2 production 
under stressful environment causes oxidative damage. However, this molecule func-
tions as a signaling molecule in a variety of biological processes including activa-
tion of antioxidant enzymatic system that helps plant to adjust under stress 
environment (Qiao and Fan 2008; Tanou et al. 2009; Hernandez et al. 2010; Tanveer 
and Shabala 2018).

Accumulation of ROS, e.g., malondialdehyde, that appears to be mutagenic 
product of lipid peroxidation resulting in cell damage and effectively used as marker 
for cell membrane injury (Riahi and Ehsanpour 2013; Anjum et  al. 2016a, b). 
Conversely, Li et al. (2010) reported that malondialdehyde production depends on 
stress type, cultivar/crop type, and strength of antioxidative defense mechanism. 
Effective antioxidative plant defense system including accumulation of enzymatic 
[catalase (CAT), glutathione reductase (GR), ascorbate peroxidase (APX)] and non-
enzymatic (phenolics, proline, flavonoids, tocopherol, ascorbic acid) antioxidants 
helps in ROS detoxification (Ali and Ashraf 2011; Anjum et al. 2017).
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Ascorbic acid (AsA) and phenolics are important physiological nonenzymatic 
antioxidant (Rice-Evans et  al. 1996); AsA has a powerful role to complete and 
strengthen the antioxidation and plant defense process. Moreover, proline concen-
tration in leaf, AsA, tocopherol, and glutathione significantly contribute to ROS 
scavenging and are able to maintain cell water potential, i.e., osmotic adjustment 
(Kishor et  al. 2014). Contrarily, a study by Signorelli et  al. (2016) reported that 
proline has no significant ability to scavenge ROS (NO2, O2

•−, NO, peroxynitrite) 
due to its selective antioxidant potential to convert OH as a second defense line. 
Generally, it has been observed that proline accumulates in plants under salt stress; 
but salt-sensitive plant accumulates less proline than salt tolerant (Habib et al. 2012; 
Anjum et al. 2015).

Under stress conditions, cultivars having high yield potential seem to be more 
stress sensitive leading to their poor growth and performance. To achieve high yield 
potential, stress tolerance imparts in cultivars following various non-breeding and 
breeding approaches with particular focus on imperative physiological and bio-
chemical traits. Furthermore, exogenous application of different chemicals (with 
required nutrient) using different methods is also an attractive option to enhance 
stress tolerance (Anwar et al. 2012) in crops. Among various methods, seed priming 
with nutrients is considered as handsome and effective approach (Ibrahim 2016; 
Rehman et al. 2018).

In many crops, germination and seedling emergence are more sensitive to adverse 
growing conditions and significantly contribute in uniform crop stand (Ali et  al. 
2017), resulting in higher yield. Similarly, salt stress negatively affects the germina-
tion by disturbing physio-biochemical processes including ionic imbalance, oxida-
tive stress, and osmotic stress. Various studies show that salt stress slows down the 
germination of seed by reducing water imbibition, disruption of proteins structure, 
and stored food mobilization (Ibrahim 2016; Shahzad et  al. 2019). Conversely, 
priming of seed helps in early seed germination by accelerating the pre-germination 
metabolic process (Paparella et al. 2015).

Seed priming stimulates the germination and improves seedling development 
predominantly through decreasing the time period of lag phase, DNA repair during 
water imbibition, activation of enzymes and germination metabolites, and osmotic 
adjustment (Lee and Kim 2000; Farooq et  al. 2006; Brocklehurst and Dearman 
2008; Hussian et  al. 2015). Seed priming includes different methods such as 
hydropriming, osmopriming, chemical priming, nutrient priming, hormonal prim-
ing, and redox priming which are considered promising techniques for various 
crops and can be adopted under wide stressful environments (Jisha et  al. 2013; 
Paparella et al. 2015). Various reports have confirmed the beneficial impact of seed 
priming under stress conditions that includes cellular defense response activation 
that helps crop plant to tolerate under abiotic and biotic stress under field conditions 
(jisha et al. 2013).
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2  Priming and Salt Stress Tolerance

2.1  Plant Morphology

In salinity stress, the germination is substantially reduced or delayed because of ion 
toxicity (Na+, Cl−) and obstructed water uptake that induce osmotic stress (Hasegawa 
et  al. 2000; Khaje-Hosseini et  al. 2003; Farsiani and Ghobadi 2009). However, 
under salinity stress, seed priming seems to be an effective technique that helps to 
remove problem of poor germination. For instance, germination rate and seedling 
vigor index of salt-stressed maize crop substantially improved with hydropriming 
(Janmohammadi et  al. 2008). A research study conducted by Ashraf and Rauf 
(2001) found that under salt stress, water soaking of maize seed showed uniform 
and vigorous germination.

Different seed priming methods have been evolved and widely practiced in vari-
ous field crops including wheat, chickpea, and cotton (Iqbal and Ashraf 2007; Kaur 
et al. 2002; Casenave and Toselli 2007a; Ullah et al. 2019) to enhance the unifor-
mity of germination, seedling vigor, and acceleration of vegetative growth resulting 
in higher grain yield (Farooq et  al. 2018a, b, c). Under suboptimal conditions, 
primed seed showed early germination, healthy seedling, and overall better growth 
than non-primed seeds (Khalil et al. 2001; Sivritepe et al. 2003). Earlier, several 
reports are available that support the positive impact of seed priming on the germi-
nation, growth, and tolerance against stressful environment in various crops such as 
maize, wheat, lentil, sugarcane, and cucumber (Foti et al. 2008; Ghiyasi et al. 2008; 
Ghassemi-Golezani et  al. 2008; Patade et  al. 2009; Ghassemi-Golezani and 
Esmaeilpour 2008).

Under salinity stress, higher amount of salt accumulated in spaces between the 
cells that cause imbalance in water relations (Zhang et al. 2006). Seed priming has 
also been adopted in numerous field and horticultural crops, to decrease the emer-
gence/germination time, to ensure uniform stand establishment (Farooq et al. 2005; 
Ashraf and Foolad 2005), and to improve the allometric traits.

Uniform germination, growth, and vigorous crop stand are not achieved in late- 
planted wheat causing low yield under rice-wheat rotation; thereby, sowing of 
primed wheat seed helps in early germination with uniform crop stand, ultimately 
leading to better grain yield (Kant et al. 2006). Lee et al. 1998; Kant et al. 2006 
stated that uniform crop stand in response to seed priming occurs due to stimulation 
in germination metabolism, which accelerates germination rate with uniform seed-
ling. Seed priming ensures the timely breakdown of food reserve through activating 
germination metabolism which helps seed to make up germination process within 
less time (Kant et al. 2006; Farooq et al. 2007, 2017).

In addition, sowing of primed seed produced highest tillers in terms of number 
and fertility. In a comparison of osmopriming and hydropriming, it was found that 
hydropriming shortens the emergence period and improved the vigor and dry weight 
of seedling (Ahmadi et  al. 2007). Harris (2006) also found  that seed priming in 
wheat (for <12 h) proves to be more beneficial than other techniques as it positively 
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improves germination, decreases emergence time, and has early flowering and 
maturity phase, resulting in higher grain yield.

Priming of various canola cultivars with different solutions (KCl 2%, KCl 0.5%, KH2PO4 
0.01%) showed positive relation with germination, stem growth, and root dry biomass and 
also strengthens plant defense to cope stressful environment (Saeidi et al. 2008).

2.2  Plant Physiology

Seed imbibition and lag phase are completed during the process of priming, and 
when these primed seeds are sown, these two phases of water absorption of seed are 
shortened (Khan et  al. 2009). Improved germination of primed seed attributed to 
inside swelling of seed embryo (Elouaer and Hannachi 2012) that mediates in water 
uptake. Activation of pre-germination metabolism except radicle protrusion occurs 
during the process of seed priming (Farooq et al. 2007). During the process of imbi-
bition, certain steps including, decrease in resistance of endosperm, membrane and 
DNA repairing, embryos become mature and the germination inhibitors are leached 
(Bewley et al. 2013). Hence, under adverse environments, the seedlings grow/emerge 
at a faster and vigorous rate and perform better than the non-primed seeds (Sadeghi 
et al. 2011).

Induction of tolerance against stress conditions in primed germinated seeds may 
be attributed to manifestation of cross tolerance mechanism which consists of two 
approaches (Chen and Arora 2013). The first strategy is the activation of germina-
tion metabolism such as mobilization of reserve materials, endosperm weakening, 
embryo expansion, and enhanced energy metabolism (Li et al. 2010; Sun et al. 2010) 
which cause quiescent dry seed transition into a germinating phase with high germi-
nation vigor. The second approach reflects the imposition of abiotic stress environ-
ment on seed which inhibits emergence of radicle but accelerates cross tolerance in 
response to stress. The combination of these approaches establishes “priming mem-
ory” within the seed that reactivates later, upon exposure to stress which builds up 
strong tolerance in germinated seeds (Bruce et al. 2007; Pastor et al. 2013).

The process of osmoregulation in plant starts upon the active uptake of inorganic 
ions. Alleviation of negative impact of salt stress on seed germination and health 
seedling development can be achieved by seed priming that increases the accumula-
tion of Ca+2 and K+ and reduces accumulation of Cl− and Na+ in developing seedling 
(Iqbal et  al. 2006; Afzal et  al. 2008; Bakht et  al. 2011), resulting in more water 
uptake with low osmotic potential (Ashraf 2009). Potassium is essential for activa-
tion of enzymes, for turgor and membrane potential balance, and in osmotic regula-
tion in cells (Cherel 2004). Like potassium, calcium (Ca) also plays very important 
roles in cell elongation and division, maintains cell wall integrity, regulates the 
uptake of nutrients across the membrane, and improves uptake of water in plants 
and alleviates the adverse effect of Na+ during plant growth (Patade et  al. 2009; 
Gobinathan et al. 2009; Summart et al. 2010).

Seed Priming-Mediated Improvement of Plant Morphophysiology Under Salt Stress



210

2.3  Leaf Gas Exchange

Seed priming with saponin improves the tolerance against salinity in quinoa by 
stabilizing the stomatal conductance and leaf photosynthetic rate resulting in better 
gas relations (Yang et al. 2018). Under salinity, abscisic acid (ABA) concentration 
increases in leaf (Amjad et al. 2014) which may inhibit some CO2 diffusion rate due 
to increased stomatal closure induced by higher ABA concentration resulting in 
disrupted stomatal conductance (Liu et al. 2005, 2006). Contrarily, priming with 
saponin decreases the ABA concentration and improves gas relations, i.e., stomatal 
conductance (Yang et al. 2018). Another study showed that seed priming with tria-
contanol improves leaf gas exchange (Sarwar et al. 2017) due to its substantial role 
in stomatal regulation by upregulating the photosynthetic genes and increases CO2 
rate under salt stress (Chen et al. 2002; Perveen et al. 2010). Seed priming with 
auxin enhances the gas relations in salt-tolerant and non-salt-tolerant cultivars that 
is attributed to the tryptophan-dependent indole acetic acid involving in the opening 
of stomata (Merritt et al. 2001) and enhances CO2 assimilation rate under salinity 
(Iqbal and Ashraf 2013).

2.4  Transpiration

Seed priming with tryptophan increased the rate of transpiration in both salt- sensitive 
and salt-tolerant wheat cultivars (Iqbal and Ashraf 2013). Brassinolide priming in 
maize improved the transpiration rate by 11% under drought stress (Anjum et al. 
2011). This could be due to the improvement in leaf water balance by brassinolide 
application (Sairam 1994). Various studies in literature show extensive work on 
brassinosteroid application in improving abiotic stress tolerance in plants (Shahzad 
et al. 2018a; Sharma et al. 2018; Tanveer et al. 2018a, b). Priming of barley seeds 
with CaCl2 improved drought tolerance attributed to enhanced transpiration rate 
without negative effects on the leaf turgor status and better stomatal aperture 
(Kaczmarek et al. 2017). Priming of Brassica juncea (Fariduddin et al. 2003) and 
safflower (Mohammadi et al. 2017) with salicylic acid helped to improve the stoma-
tal conductance, better water status, and mesophyll conductance resulting in higher 
transpiration rate. A positive correlation has been established between transpiration 
and  stomatal conductance, with increase in stomata opening rise in transpiration 
observed. Seed priming helps in vigorous plant growth with well-established root 
system; thus, enhancement of transpiration rate directly links with better plant water 
status that may be due to more water uptake by deeper roots (Mohammadi et al. 
2011; Abdolahi and Shekari 2013).
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2.5  Photosynthesis

In mung bean, priming of β-amino butyric acid aided in alleviating several abiotic 
stresses, i.e., salinity, high temperature, and drought (Jakab et al. 2001; Cohen 2001; 
Zimmerli et  al. 2008) by enhancing mitochondrial activities, photosynthetic pig-
ments, photosynthesis, and chlorophyll a contents resulting in better photosynthesis 
process (Jisha and Puthur 2016). Moreover, β-amino butyric acid priming substan-
tially stimulated the activities of photosystems I and II and increased the transport, 
absorption, and trapping of electron per photosystem II (Jisha and Puthur 2016). In 
rice seeds, priming with PEG (Li and Zhang 2012) and polyamine priming in 
cucumber (Zhang et al. 2009) enhanced the photosynthetic efficiency by increasing 
the photochemical efficiency of photosystem II.  Seed priming helps to increase 
mitochondrial number and improve the outer membrane integrity of mitochondria 
(Benamar et  al. 2003; Varier et  al. 2010). In maize, seed priming with silicon 
enhanced the photosynthetic efficiency by improving the chlorophyll contents under 
alkaline stress (Abdel Latef and Tran 2016) that helped plant to stay green for lon-
ger time and tolerate under stressful environment. Another study reported that soy-
bean primed seeds with CaCl2, ZnSO4, and gibberellic acid improved the 
photosynthesis attributed to higher photosynthetic pigments and better integrity of 
chloroplast, mitochondria, and membranes (Dai et al. 2017). In safflower, salicylic 
acid application through seed priming enhanced the photosynthetic rate and chloro-
phyll content index and the number of chlorophyll pigments such as photoreceptor 
antennas that also has direct positive effect on the photosynthetic device such as 
improvement in electron transport chain and stimulates the activities of enzymes 
involving in the photosynthesis, e.g., rubisco (Mohammadi et al. 2017). Furthermore, 
salicylic acid prevented the degradation of chloroplast and improved the electron 
transport capacity by photosystem II resulting in stimulation of net photosynthetic 
rate and overall photosynthesis process (Shakirova et  al. 2003; Fariduddin et  al. 
2003; Khodary 2004) as observed in soybean, corn, and barley.

2.6  Antioxidant Activities

Seed priming with comprehensive agents aids plant to tolerate against abiotic stresses 
by improving the activities of antioxidant enzymes by detoxifying the ROS (reactive 
oxygen species) (Dai et al. 2017). Improvement in antioxidant capacity improves the 
potential of plant to mitigate damage induced by ROS. Catalase (CAT) and superox-
ide dismutase (SOD) are considered as the most effective antioxidant enzymes that 
provide first-line defense against toxic ROS level (Gill and Tuteja 2010). Catalases 
with maximum turnover have the ability to convert about six million hydrogen per-
oxide (H2O2) molecules to oxygen (O2) and water (H2O) per minute only using one 
molecule of catalases (Gill and Tuteja 2010). Seed priming with CaCl2 and ZnSO4 
enhances antioxidant enzyme activities including CAT and SOD and reduces the 
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malondialdehyde contents and lipid peroxidation (Dai et al. 2017). Priming of seed 
with silicon plays pivotal role in enhancing the tolerance against alkaline stress by 
accumulating the osmoprotectants and activating the antioxidant machinery (Abdel 
Latif and Tran 2016) such as SOD, CAT, and peroxidases leading to oxidative stress 
mitigation. Moreover, silicon application through seed priming improves the con-
tents of antioxidant phenols under alkaline stress (Abdel Latif and Tran 2016). 
Another study indicated that β-amino butyric acid alleviated the oxidative stress and 
lipid peroxidation by reducing the malondialdehyde contents and enhancing the pro-
line contents and activities of SOD and guaiacol peroxidase, chitinase, nitrate reduc-
tase, and polyphenol oxidase (Jisha and Puthur 2016) under drought and saline stress. 
Ascorbic acid and salicylic acid priming stimulate antioxidant enzyme activities such 
as ascorbic acid, ascorbate peroxidases, POD, and CAT and accumulate the osmo-
protectants that help to maintain the plant water status under abiotic stress, e.g., salt 
stress (Carvalho et al. 2011; Ahmad et al. 2012), and protect plant from oxidative 
stress. In a study, Carvalho et al. (2011) showed that hormonal priming (methyl jas-
monate, salicylic acid, and chloroethylphosphonic acid (CEA)) protected maize 
seedlings from salt stress damage by activating the antioxidant machinery such as 
glutathione reductase, ascorbate peroxidase, SOD, POD, and CAT.

3  Summary and Future Research Perspectives

Seed priming is an important technique to attain desirable results against several 
abiotic stresses including salt stress. During the last few years, it has been emerged 
as a promising approach in inducing stress tolerance due to its involvement in 
improving overall plant defense against these abiotic stresses. Moreover, it provides 
a realistic, effective, and smart choice for successful plant protection. Although 
exact mechanism behind crop improvement is still unknown, however, it has been 
suggested that seed priming normally helps to regulate plant signaling through acti-
vating certain cell signaling pathways and cellular responses. It is therefore needed 
to further explore the molecular mechanism involving these signaling pathways.
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Abstract Reduction of photosynthetic rates in plants under salt pressure is triggered 
primarily by reducing water potential and/or elevated levels of Na+ and/or Cl− accu-
mulated in chloroplasts and chlorophyll that are essential for plant health. Much work 
has been done to create strategies to deal with salinity stress. The use of organic and 
inorganic compounds, nutrients, and seed priming is among the promising strategies 
adopted to alleviate the unfavorable consequences of salinity and improve plant yields 
and yield quality. Seed priming is a commercially used method to improve the germi-
nation and vigor of seeds. The purpose of this work is to review the recent literature 
on plant response to seed priming under salinity stress. A schematic diagram describ-
ing the chain reaction following the seed priming was proposed. The diagram illus-
trates the possible impact of the seed priming on different physiological processes, 
enhancing tolerance level and final yield. Several mechanisms have been proposed to 
explain how plants build up many physiological and biochemical adaptations to regu-
late themselves when using seed priming under saline conditions. The variation on 
photosynthetic pigment (chlorophyll a, chlorophyll b, carotenoids), photosystem II, 
and net CO2 photosynthetic rate; ionic balance; K+:Na+ ratio difference; osmolyte 
accumulation, i.e., proline, glycine betaine, amino acids, and sugars; accumulation of 
enzymatic like superoxide dismutase, catalase, ascorbate peroxidase, peroxidase, and 
nonenzymatic antioxidants (i.e., total phenols, flavonoids, ascorbic acid, total carot-
enoids); membrane stability; and levels of H2O2 and malondialdehyde (MDA) con-
tents are among the most important physiological and biochemical plant reaction 
mechanisms for seed priming that allow plants to cope under saline conditions.

Keywords Antioxidants · Enzymes · Growth · Ionic balance · Osmolytes · 
Oxidative stress · Photosynthesis · Photosynthetic pigment · Salinity · Salt · Seed 
priming

1  Introduction

Salinity is one of the most common environmental problems that limits the produc-
tivity of plants, particularly in arid and semiarid areas (Ashraf and Harris 2004). 
Based on the Food and Agriculture Organization (FAO) Soils portal (http://www.
fao.org/soils-portal/soil-management/), soil is considered to be saline soil when 
electrical conductivity (EC) is >0.7  dS  m−1. Nevertheless salt-affected soils are 
characterized by a specific electrical conductivity (EC) of extracts of saturated soil- 
paste above 4 dS m−1 (temp at 25 °C) according to the USDA Agriculture Handbook 
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(1954). More recently, Bresler et al. (1982) stated that soils are rated salt affected 
beginning at an EC level of 2 dS m−1, as some vegetable, fruit, and ornamental crops 
undergo from salinity within the EC of 2–4 dS m−1.

Salt-affected soil refers to soils where, with normal plant growth, salts interfere. 
Depending on salt quantity, salt type, sodium present, and soil alkalinity, salt- 
affected soils can be divided into saline, saline-sodic, and sodic. There will be dif-
ferent characteristics for each type of salt-affected soil, which will also determine 
how it can be managed. Based on the FAO Soils portal using the world’s FAO/
UNESCO soil map (1970–1980), the FAO estimated the total global saline soil area 
was 397 million hectares and the total sodic soils 434 million ha. However, Nelson 
and Mareida (2001) estimated approx. 12 million ha of irrigated land may possibly 
have disappeared from production accordingly of salinization.

Salinity results in many unfavorable effects on the growth of plants due to low 
osmotic soil potential (osmotic stress), ion effects (salt stress), element imbalances, 
or a combination of these causes (Ashraf 2004). All these factors cause physiological 
and biochemical unfavorable effects on plant growth and development (Munns and 
James 2003). To evaluate plant tolerance to salinity stress, the plant’s growth or sur-
vival is measured as it integrates many physiological mechanisms that occur within 
the plant. For plants growing in the saline medium, osmotic balance is essential.

The main strategies for the use of salt-affected soils are use of reclaiming and 
protective measures to make salt-affected soils suitable for agriculture and utilize 
salt-affected soils by growing halophytes or salt-tolerant crops/cultivars. The latter 
approach has been called the “biological approach” (Ashraf 1994) and has signifi-
cant potential to mitigate the worldwide soil salinity problem. This chapter discuss 
biological strategies that can increase crop salinity tolerance. Strategies employed 
to relieve the impacts of salt stress in plants include applying chemical, biological, 
and physical treatments to seeds, seedlings, or plants prior to exposure to salinity 
stress. These treatments, mostly used before seed sowing, are anticipated to activate 
physiological and molecular pathways that allow the seed to react more quickly 
and/or more strongly after exposure to an environmental stress factor.

Seed priming is a knowledgeable, rational, and low-cost method for fast emer-
gence, increased seedling strength, and improved plant yields under adverse envi-
ronments (Jisha et al. 2013; Paparella et al. 2015). It is a restricted hydration method 
that activates metabolic processes before radicular protrusion at the early stage of 
germination (Hussain et al. 2015).

Under various environmental stresses, different methods of seed priming were 
utilized that include hydropriming, osmopriming, Chemopriming, nutrient priming, 
and hormonal priming (Jisha et al. 2013; Paparella et al. 2015). Seed priming pro-
motes germination throughout the process by soaking seeds in solutions with exoge-
nous molecules, i.e., salicylic acid (SA) and acetylsalicylic acid (ASA) (Khan et al. 
2009a, b), or metals (Mirshekari et al. 2012), or hormones (Nakaune et al. 2012). 
Seed priming was proposed to trigger a sequence of physiological developments 
which increase plant performance grown in salt stress, including the introduction of 
antioxidant systems (Varier et al. 2010; Eisvand et al. 2010).
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The purpose of this chapter is to present a wide overview of plant response under 
salt stress and the primary treatments in specific organic and inorganic substances 
and seed priming utilized to seeds/plants with a critical debate of the key accom-
plishments outlined in this area.

2  Plant Response to Salt Stress

A soil is considered saline once the soil solution’s electrical conductivity (EC) is 
approximately 4 dS m−1 (corresponding to 40 mM NaCl), creating an osmotic pres-
sure of approximately 0.2 MPa, which reduces most crop yields (Munns and Tester 
2008). Salt stress induces ion toxicity, osmotic stress, nutrient deficiency, and oxida-
tive stress on crops, thus restricting the absorption of soil water and eventually 
decreasing yield output (Awad et  al. 2012; Hellal et  al. 2012; Abdelhamid et  al. 
2013b; Rady et al. 2015, 2016b). Figure 1 shows response of soybean crop grown 
in soils with three salinity intensities, i.e., 1.12, 6.25, and 9.38 dS m−1, at Fayoum 
Governorate, Egypt.

Plant species vary for salt tolerance (Blaylock 1994; Bargaz et al. 2016). Salt- 
tolerant crops (plants less affected by salinity) can adjust the osmotic impacts of 
elevated levels of salt internally as compared to salt-sensitive crops. Also, salt- 
tolerant crops can absorb salt soil water more easily. On the other side, salt-sensi-
tive crops have restricted ability for adjustment and are injured at comparatively 
small levels of salt. In reaction, in sensitive crop cultivars, reductions in yields 
caused by salinity look more widespread than in tolerant crop cultivars. Several 
authors report such a reduction in salinity yield (Blaylock 1994; Abdelhamid et al. 
2013a; Dawood et al. 2016).

Global studies have shown that salinity affects germination and growth of seed-
lings in different crops, such as Bagayoko (2012). The effect of salt stress on plant 

Fig. 1 Soybean crop grown in soils with different salinity levels at Fayoum Governorate, Egypt
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can be attributed to the adverse effects of salinity on the cell cycle and  differentiation. 
A general reduction in plant biomass was observed in all plant tissues under salt 
stress, but it is particularly noticeable in the aerial part (Abdelhamid et al. 2010). 
Different authors have associated a decrease in plant biomass with a decrease in leaf 
numbers or leaf abscissions (Dawood et al. 2014b) or a decrease in net assimilation 
rate and relative growth rate (Rady et al. 2015).

Salinity has several unfavorable effects on plant growth owing to low soil osmotic 
stress, ionic imbalances, or combined effects of these factors (Ashraf 2004). All 
these variables affect plant growth and development with adverse physiological and 
biochemical impacts (Munns and James 2003). The plant’s development or survival 
is evaluated by integrating many physiological processes that happen within the 
plant to assess the salinity stress tolerance of the plant.

The stress of salinity in the soil significantly reduces nutrient concentrations 
such as N, K, Ca, and Mg (Sadak et al. 2015; Talaat et al. 2015; Rady et al. 2016b). 
In addition, salinity reduces plant P uptake owing to precipitation of phosphate ions 
with Ca ions (Bano and Fatima 2009; Abdelhamid et al. 2010; Bargaz et al. 2016). 
Some elements have particular toxic effects on plants, such as sodium, chlorine, and 
boron. Excessive accumulation of Na+ in cell walls can rapidly trigger osmotic 
stress and cell death (Munns 2002). Furthermore, salinity has damaging impacts on 
photosynthesis, primarily due to decreased leaf area, chlorophyll content, and sto-
matal conductance, and to some degree owing to decreased effectiveness of photo-
system II (Netondo et al. 2004).

There is no doubt that there has been noteworthy recognition of osmotic adjust-
ment as a significant and efficient mechanism for resisting salinity in plants. Under 
saline environment, a positive growth relationship with osmotic adjustment was 
found, primarily because of building up more K+ and glycinebetaine, while a reduc-
tion of sugars (Ochiai and Matoh 2001). Correspondingly, Orabi and Abdelhamid 
(2016) found that salt-tolerant faba bean cultivar “Giza 843” was correlated with a 
superior capacity of osmotic adjustment by building up proline and ions, e.g., P, K+, 
Ca2+, and Mg2+, compared to the salt-sensitive cultivar “Giza 3.” Moreover, the salt- 
tolerant Phaseolus vulgaris genotype “RIL115” has been found to have superior 
osmotic adjustment by building up more soluble sugar, proline, amino acid, and 
ions, e.g., P, K+, Ca2+, Mg2+, and Mn2+, compared to the salt-sensitive genotype 
“RIL147” (Bargaz et al. 2016).

The accumulation of soluble carbohydrates in crops has been commonly recorded 
as a reaction to salinity (Murakeozy et al. 2003; Dawood et al. 2016). Amino acids 
were reported to accumulate under salinity stress in higher plants (vascular plants) 
(Mansour 2000). Di Martino et al. (2003) reported that building up amino acids and 
glycinebetaine caused osmoregulation, considered one of the predominant methods 
used by spinach crops to withstand salt stress. Several authors reported that in salt- 
stressed plants, proline accumulates more than other amino acids (Ashraf 1994; 
Bekheta et al. 2009; Abdelhamid et al. 2013a; Rady et al. 2016b).

Antioxidant metabolism, including antioxidant enzymes and nonenzymatic com-
pounds, plays a critical role in salinity-induced detoxification of reactive oxygen 
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species (ROS). Salinity tolerance is strongly associated with antioxidant enzyme 
activity, i.e., catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase 
(GPX), and ascorbate peroxidase (APX), and nonenzymatic antioxidant, i.e., gluta-
thione reductase (GR) (Gupta et al. 2005; Orabi and Abdelhamid 2016). Moreover, 
Orabi and Abdelhamid (2016) reported that faba bean plant is protected against the 
damaging impact of salinity primarily by enhancing the activity of enzymes, e.g., 
superoxide dismutase (SOD), catalase (CAT), peroxidase (POX), and phenylalanine 
acid lyase (PAL) enzymes.

It is well established in the literature that salinity causes severe decrease in plant 
yield. Several studies have already determined the fact that crops are adversely 
affected by this phenomenon, from planting to harvesting and even in storage. 
Salinity not only adversely affects seed yield and yield components in many plant 
species such as lupine (Dawood et al. 2016), common bean (Rady et al. 2016a), 
wheat (Ouda et al. 2015; Rady et al. 2016a), and faba bean (Orabi and Abdelhamid 
2016) but also causes a nutritional imbalance in seed quality in terms of decreasing 
oil percentage, carbohydrates, and concentrations of 17 amino acids in lupine seeds 
(Dawood et al. 2016) and decreasing protein content in leaves and oat grains, with 
increasing level of salt in irrigation water (Kumar et al. 2010). In contrast, salinity 
raised carbohydrate and protein in seed yield of two faba bean cultivars (Orabi and 
Abdelhamid 2016) and increased protein, phenolic concentration, and lupine seed 
alkaloids (Dawood et al. 2016).

3  Techniques Used to Overcome Salt Stress in Plants

Salinity can be limited by salt leaching from the root rhizosphere, altering prac-
tices of farm management, and using salt-tolerant plants. Using new irrigation 
approaches such as deficit irrigation and using irrigation systems such as drip and 
sprinkler irrigation to optimize water use efficiently can sustain irrigation prac-
tices. Farming systems could also be modified to include better crop rotation in 
order to integrate perennials in crop rotation with annual crops and legumes 
within rotations and to adopt a precise agricultural approach. While using these 
tactics to sustainable agriculture that can alleviate the reduction of yields under 
the stress of salinity, the application is often limited due to the cost and availabil-
ity of good-quality water or lack of water resources. Hence, developing an effi-
cient, low-cost, easily adaptable technique to enhance plant performance under 
salt stress is a challenge. Globally, comprehensive study has been carried out to 
create strategies to deal with the stress of salinity, for example, the development 
of salt-tolerant varieties. Using organic and inorganic compounds, nutrients, and 
seed priming is one of the promising strategies adopted to alleviate the unfavor-
able outcomes of salinity and improve plant yields and yield quality.
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3.1  Use of Osmoprotectants, Plant Growth Regulators (PGRs), 
Vitamins, and Nutrients

Much attention has been given to the approach of using osmolytes, osmoprotectants, 
plant growth regulators, and plant nutrient supply to overcome plant salt stress and 
boost crop production under saline conditions. Osmoprotectants or compatible sol-
utes are greatly soluble compounds of low molecular weight, which can accumulate 
in cells without impairing cellular function at high levels. They safeguard crops 
against stress by contributing to cellular osmotic adjustment, detoxifying reactive 
oxygen species (ROS), protecting the structure of membranes, and stabilizing pro-
teins (Ashraf and Foolad 2007). Exogenous use of glycinebetaine (GB) in perennial 
ryegrass significantly reduces salt stress negative impacts. The suggestion that GB 
increased salt tolerance in perennial ryegrass was primarily associated with increased 
SOD, CAT, and APX activity and cell membrane damage alleviation by reducing 
membrane lipid oxidation and improving ion homeostasis under salt stress 
(Alasvandyari et al. 2017). Exogenous proline applications alleviated oxidative stress 
and increased plant growth. Abdelhamid et al. (2013a) reported that proline increased 
the activity of antioxidant enzymes, superoxide dismutase (SOD), catalase (CAT), 
and peroxidase (POD), as well as carotenoid, ascorbic and endogenous proline, and 
P and K+ and K+:Na+ concentrations in salt-affected common bean plants. In addi-
tion, proline provided osmoprotection and facilitated the growth of salt-stressed faba 
bean plants (Dawood et al. 2014b). In order to improve their salt tolerance, a number 
of natural or synthetic PGRs were exogenously applied to crops. A foliar spray of 
indole-3-acetic acid at 150 ppm, for example, gave the highest plant growth values 
(flag leaf area and SPAD values), yield (grain and straw yield), and chemical compo-
sition (total crude protein, P and K percent) of wheat grown under salt stress condi-
tions (El-Metwally et al. 2015). Khodary (2004) reported a significant increase in 
growth and development of maize under saline conditions due to applied 0.1 mM of 
salicylic acid to maize plants. A number of other organic compounds were also exog-
enously applied to test their effect on the plant’s response to saline conditions. In faba 
bean, for example, Semida et  al. (2014) suggested that antioxidant α-tocopherol 
could activate antioxidants in plants and decrease oxidative damage resulting in 
physiological modifications in plants grown in saline soil. Furthermore, Dawood 
et  al. (2016) concluded that the damaging impacts of salt stress on lupine plant 
growth and seed yield nutritional value were to some extent alleviated, mainly at 
200  ppm α-tocopherol. In soybean, Rady et  al. (2015) reported that 100  mg  L−1 
α-tocopherol exogenous application increased net assimilation rate, relative growth 
rate, chlorophyll, proline, free amino acids, soluble sugars, N, P, K+, and K+:Na+ 
ratios in soybean plants under salt stress. Exogenous use of 200 or 400 mg l−1 nico-
tinamide (vitamin B3) increased the nutrient concentration, sucrose, soluble sugars, 
free amino acids, lipid peroxidation, oxidative enzymes, photosynthetic pigments, 
plant growth, and seed yield and improved the quality of the seed yield, i.e., carbo-
hydrates and protein of faba bean salt-stressed plants (Abdelhamid et al. 2013b).
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Amino acids are well-known biostimulants that affect plant growth and yield 
positively, thus mitigating abiotic stress injuries significantly. For example, amino 
acid mixture on faba bean has been reported to have increased shoot length, leaf 
number per plant, fresh and dry shoot weight, photosynthetic pigments, total carbo-
hydrates, polysaccharides, DNA, and nucleic acid RNA (Sadak et al. 2015). In addi-
tion, amino acid exogenous foliar application at rate of 500 or 1000 or 1500 mg L−1 
enhanced salt tolerance of faba bean plants by increasing osmotic solutes, phenolic 
content, IAA, and endogenous polyamine content, while it reduced antioxidant 
enzymes and lipid peroxidation (Sadak and Abdelhamid 2015).

Salt-induced nutritional disorders can be alleviated by adding mineral nutrients to the 
growth medium, according to numerous reports. Adding N, for example, has improved 
growth and yield of sorghum crop (Esmaili et al. 2008). In addition, Rady et al. (2016b) 
recommended use of 13 4 3H NO  at rate of 55 kg N ha−1 + cerealine (at rate of 4 kg ha−1 
bio-fertilizer) + cattle manure (at rate of 10  t ha−1) in saline soils to improve wheat 
growth and nutritional yield quality with reduced heavy metal content. Also, in wheat, 
El-Lethy et al. (2013) reported important increases in photosynthetic pigments, antioxi-
dant enzyme activity, soluble sugar, starch and total phenols, N, P, K+, and K+:Na+ ratio 
and wheat grain yield due to soil application of 150 mg K2O kg−1. It was also concluded 
that 150 mg K2O kg−1 soil reduced the unfavorable effects of NaCl salinity by enhancing 
photosynthetic pigments, antioxidant enzyme activity, osmoprotectant concentrations, 
and K+:Na+ ratio, which all were reflected in increasing the growth of common bean 
plants (Dawood et al. 2014a). Bargaz et al. (2016) found major increase in P, K+, Ca2+, 
and Mg2+ in leaves of both common bean recombinant inbred lines (RILs) and notewor-
thy increase in chlorophyll, carotenoids, soluble sugars, free amino acids and proline, 
and seed yields in all salinity intensities up to 60 kg ha−1 P. Like P, it is known that cal-
cium (Ca) improves the unfavorable effects of salinity in plants, most probably by mak-
ing possible superior selectivity of K+:Na+ ratios (Hasegawa et  al. 2000). Foliar 
fertilization is generally a useful technique for supplementing plant-deficient nutrients 
when soil conditions restrict the availability of nutrients to roots (Mengel 2002). Under 
saline conditions, the absorption of K, Ca2+, and N through the roots and their supply to 
growing shooting regions is significantly impaired (Munns 2005), and thus the plant’s 
optimum concentration of essential nutrients is reduced (Marschner 1995). In this case, 
foliar fertilization can be used to promote mineral nutrition, suppress physiological dis-
orders, and promote growth and yield of plant (Pervez et al. 2004). Efficiency of foliar 
applied nutrients depends on their mobility within the plant (Mengel 2002). Of all nutri-
ents, N, K, and Mg are more phloem-mobile, whereas Ca and Fe are least phloem-
mobile. Thus, foliar application of the latter two nutrients is not effective (Mengel 2002).

3.2  Seed Priming

Proof of seed priming benefits has been reported extensively. Seed priming is a 
water-based method that allows regulated seed rehydration to activate the generally 
activated metabolic classes during early germination but stops the transition of seed 
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into complete germination. Priming is commonly used to treat vegetable seeds, 
mainly carrots, leek, onions, tomatoes, peppers, cucumbers, broccoli, lettuce, and 
okra (Dearman et al. 1987; Mahmoudi et al. 2012; Demirkaya 2014; Azooz et al. 
2015; Hassini et al. 2017; Sarwar et al. 2017; Rinez et al. 2018), and field crop 
seeds, mostly wheat, canola lentil, alfalfa, bean, mung bean, common bean, saf-
flower, barley, and maize (Jabeen and Ahmad 2013; Jamil et al. 2012; Al-Tawaha 
and Al-Ghzawi 2013; Azooz et al. 2013; Movaghatian and Khorsandi 2014; Younesi 
and Moradi 2014; Ali et al. 2017; Keshavarza and Moghadam 2017; Imran et al. 
2018; Tabassum et al. 2018). Priming helps improve the quality of the product in 
flower seed industry that is usually utilized in best cultivars of Petunia (Momin 
2013). Herbs, such as ajwain, dill, wild foxglove, rosemary, and scarlet sage, as 
well enjoy seed priming (Di Girolamo and Barbanti 2012; Mahdavi and Rahimi 
2013; Ghassemi-Golezani and Nikpour-Rashidabad 2017; Masondo et al. 2018). 
Priming has also been used on Arabidopsis thaliana, which is the preferred model 
system for plant biology research (Jiménez-Arias et al. 2015). In seed conditioning 
in agriculture, several seed priming techniques have been successfully used to 
accelerate germination rates, improve seed uniformity, and improve yield and yield 
quality such as hydropriming, osmopriming, and halopriming (e.g., Jabeen and 
Ahmad 2013; Mahmoudi et  al. 2012; Ouhibi et  al. 2014; Maswada and Abd 
El-Kader 2016; Masondo et al. 2018; Panuccioa et al. 2018; Tabassum et al. 2018). 
Seed priming also promotes many plants to neutralize environmental stress nega-
tive impacts, such as salinity stress (see references in Table 1). A growing research 
has discussed and provided an outline of seed priming expertise, summarizing the 
currently available physical, chemical, and biological treatments (see recent 
reviews, e.g., Paparella et al. 2015; Ibrahim 2016; Mahmood et al. 2016). The fol-
lowing is a brief outline of seed priming methods:

Table 1 The functions of seed priming in plant under salt stress

Plant species
Priming agent/concentration/
time Main findings References

Tomato 
(Solanum 
lycopersicum)

Menadione sodium 
bisulfite/1.3 mg L−1

Improved net photosynthesis, 
regulated stomatal aperture 
and maintained water balance, 
and increased relative growth 
rate

Jiménez-Arias 
et al. (2019)

NaCl/0.05 M Increased germination, root 
length, hypocotyl lengths, 
fresh weights, proline, and 
anthocyanin

İşeri et al. 
(2014)

NaCl/5 M Increased chlorophyll content, 
Na, K+, Ca, Mg, and soluble 
sugars

Demirkaya 
(2014)

Chickpea 
(Cicer 
arietinum)

Mannitol/2 and 4%/24 h Increased plant survival and 
growth

Sarwar et al. 
(2006)

(continued)
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Table 1 (continued)

Plant species
Priming agent/concentration/
time Main findings References

Pepper 
(Capsicum 
annuum L.)

Aqueous extracts of Padina 
pavonica/60 g L−1 or Jania 
rubens/80 g L−1

Increased proline, total soluble 
sugar, K, and P, while reduced 
leakage of electrolytes and 
MDA content

Rinez et al. 
(2018)

Maize (Zea 
mays L.)

Deionized water/24 h or 
ZnSO4 7H2O/4 mM/24 h

Increased biomass production, 
nutrient status, and early 
seedling development

Imran et al. 
(2018)

Distilled water or leaf 
extracts of Rosmarinus 
officinalis or Artemisia

Increased germination, 
photosynthetic pigments, 
chlorophyll fluorescence, 
photosynthetic efficiency, and 
antioxidant system

Panuccioa 
et al. (2018)

Magnetic fields (MF)/week 
(15 mT) or strong (150 mT)

Enhanced rate and percentage 
of germination and improved 
plant growth

Karimi et al. 
(2017)

Tap water or salicylic acid/ 
0.5 mM or NaCl/2 dS m−1

Increased CAT, SOD, 
peroxidase, soluble proteins, 
K, rate of emergence and 
colonization %, while Na+ 
decreased

Kazemi et al. 
(2018)

Z. mays, P. 
sativum, and L. 
sativus

Gibberellic 
acid/0.2 g L−1/12 h

Increased percentage of 
germination, length of shoot 
and root, and total crop 
weight, while reduced time for 
germination

Tsegay and 
Andargie 
(2018)

Rice (Oryza 
sativa)

Gibberellic acid/0, 50, 100 
and 150 ppm

Increased germination, 
seedling growth, and weight, 
while decreased toxic ions 
such as Na+

Imran et al. 
(2016)

Validamycin A/30 μM Increased grain yield, weight 
of 1000 grains, and percentage 
of filled grain, while decreased 
trehalose activity, leading to 
accumulation of trehalose

Hathout et al. 
2014

Barley 
(Hordeum 
vulgare)

dH2O or CaCl2/1.5% or 
Enterobacter spp. strain 
FD17

Improved leaf area, grain 
yield, harvest index, 
chlorophyll a, chlorophyll b, 
total soluble phenolics, 
proteins, proline, glycine 
betaine, K+, relative water 
content, osmotic and pressure 
potential, and stability of the 
cell membrane while 
decreased MDA and Na+

Tabassum et al. 
(2018)

(continued)
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Table 1 (continued)

Plant species
Priming agent/concentration/
time Main findings References

Sorghum 
(Sorghum 
bicolor)

PEG-6000/-0.86 Mpa/48 h Increased activities of catalase 
(CAT) and guaiacol peroxidase 
(POX)

Oliveira et al. 
(2012)

PEG-6000/-0.86 Mpa/48 h Increased proline, while 
reduced Na+ and Cl−

Oliveira et al. 
(2011)

PEG-6000/-0.86 Mpa/48 h Increased root growth Patanè et al. 
(2009)

Safflower 
(Carthamus 
tinctorius)

Glycine betaine/0, 10, 30, 
and 60 mM

Increased enzyme activities 
(CAT, SOD), cell membrane 
stability, K+, and protein, 
while reduced peroxidase, 
MDA, and Na+:K+ ratio

Alasvandyari 
et al. (2017)

Chitosan/0, 0.25, 0.50, and 
0.75% dissolved in 1% 
acetic acid/3 h

Increased germination %, 
while decreased MDA, 
proline, and activity of CAT 
and POX

Jabeen and 
Ahmad (2013)

Sunflower 
(Helianthus 
annuus)

KNO3/-1.0 M Pa/24 h Increased percentage of 
germination, radicular length, 
height of seedling, biomass, 
leaf number, and K+

Bajehbaj 
(2010)

Dill (Anethum 
graveolens)

Gibberellic acid/1 mM/4 h 
or salicylic acid/1 mM/4 h

Increased ratio of K+:Na+, 
osmolytes (i.e., proline, 
glycine betaine, soluble 
sugars), enzymes (i.e., SOD, 
APX, POX), production of 
essence, and yield of essential 
oil

Ghassemi- 
Golezani and 
Nikpour- 
Rashidabad 
(2017)

Cucumber 
(Cucumis 
sativus)

Triacontanol/25 and 
50 μM/12 h

Increased seedling emergence 
rate, uniformity and early 
growth, shoot and root length, 
dry weight seedling, 
chlorophyll, proline, and 
exchange gas traits

Sarwar et al. 
(2017)

Broccoli 
sprouts 
(Brassica 
oleracea)

KCl/50 mM Increased water relation traits 
(i.e., osmotic and water 
potential and hydraulic root 
conductivity) and 
glucosinolate

Hassini et al. 
(2017)

Pea (Pisum 
sativum)

Leaf extracts of Typha 
angustifolia/40 g L−1/48 h 
(seed weight/volume; 1:5 
(w/v))

Increased germination%, 
osmotic (proline, soluble 
sugars, K+, P), chlorophyll, 
carotenoid, secondary 
metabolites (total phenolic, 
total flavonoid), while reduced 
electrolyte leakage and MDA

Ghezal et al. 
(2016)

(continued)
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Table 1 (continued)

Plant species
Priming agent/concentration/
time Main findings References

Mung bean 
(Vigna radiata)

β-Amino butyric acid/0, 0.5, 
1.0, 1.5, 2.0, and 2.5 mM/6 h

Increased fluorescence 
chlorophyll a, proline, protein, 
carbohydrate, nitrate 
reductase, and antioxidant 
enzymes of POX and SOD, 
photosynthetic pigments, 
activity of photosynthetic and 
mitochondrial while decreased 
MDA

Jisha and 
Puthur (2016)

Salicylic acid (SA)/0, 
0.00001, 0.001, and 
10 mM/6 h

Increased germination %, 
germination rate, radicle 
length, plumule length, and 
vigor index. SA with 
0.00001 mM is recommended

Movaghatian 
and Khorsandi 
(2014)

Okra (Hibiscus 
esculentus)

Jasmonate/50 μM solution 
for 10 h

Increased fresh weight, dry 
weight, water content, 
chlorophyll, relative water 
content, osmoprotectants 
(soluble sugars, soluble 
proteins, proline), mineral (K+, 
Ca2+, Mg2+), K+:Na+ and 
Ca2+:Na+ ratios, membrane 
stability index, antioxidant 
enzyme (POD, APX), while 
reduced Cl−, Na+, H2O2, and 
MDA

Azooz et al. 
(2015)

Arabidopsis 
(Arabidopsis 
thaliana)

Menadione sodium 
bisulfite/2, 20, and 40 mM/2 
d

Increased dry and fresh 
weight, relative rate of growth, 
and proline

Jiménez-Arias 
et al. (2015)

Broad bean 
(Vicia faba L.) 
seeds

Salicylic acid/0.2 mM/10 h Increased growth (i.e., dry 
root, shoot weight, leaf area), 
water relations (i.e., plant 
water content, leaf relative 
water content), osmotic solutes 
(i.e., soluble carbohydrate, 
protein, amino acids), enzymes 
(i.e., CAT, POD, APX, GR), 
and ascorbic acid while 
decreased MDA and EC 
percentage

Azooz (2009)

Alfalfa 
(Medicago 
sativa)

Gibberellic acid/0, 3, 5, and 
8 mM/24 h

Increased germination rate, 
dry weight, enzyme activity 
(SOD, CAT, POX, APX), and 
ascorbate, while reduced 
membrane permeability 
(electrolyte leakage) and MDA

Younesi and 
Moradi (2014)

(continued)
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Table 1 (continued)

Plant species
Priming agent/concentration/
time Main findings References

Lettuce 
(Lactuca 
sativa)

dH2O/2 h or KNO3/0.5%/2 h
Gibberellic acid/3 mM/12 h

Increased dry weight of leaves, 
number of leaves, area of 
leaves, leaf water, chlorophyll, 
carotenoids, enzymes (CAT, 
GPX), ascorbate, while 
decreased leakage of 
electrolytes

Mahmoudi 
et al. (2012)

Chinese 
cabbage (B. 
oleracea 
capitata)

dH2O/10 h or gibberellic 
acid/100, 150, and 
200 mg L−1/10 h

Increased seed water uptake, 
germination rate, leaf area, 
chlorophyll, relative water 
content, fresh and dry weights, 
membrane stability, while 
decreased electrolyte leakage

Jamil et al. 
(2012)

Melon 
(Cucumis 
melo)

NaCl/18 dS m−1/3 d Increased stomatal 
conductance, chlorophyll, fruit 
set, K+ leaf and stem, Ca leaf 
and stem, while reduced Na+ 
leaf and stem

Sivritepe et al. 
(2005)

Sugarcane 
(Saccharum 
officinarum)

NaCl/100 mM Increased germination %, rate 
of germination, and shoot 
length

Patade et al. 
(2009)

Wheat 
(Triticum 
aestivum)

Sodium nitroprusside (a 
nitric oxide donor)/0, 0.1, 
and 0.2 mM/12 h

Increased shoot and root 
biomass, shoot length, 100 
grain weight, grain yield, 
antioxidant enzymes (i.e., 
SOD, POD, CAT), ascorbic 
acid, proline, and total 
phenolics, while deceased 
H2O2 and MDA

Ali et al. 
(2017)

dH2O or CaCl2/1.5% /12 h 
(seed to solution ratio 1:5 
(w/v)

Increased area of the leaf, 
water relations, proline, 
glycine betaine, and yield of 
grain while decreased MDA 
and Na+

Tabassum et al. 
(2017)

dH2O or KCl/100 mM or 
CaCl2/100 mM

Increased proline, phenolic 
compounds, antioxidant 
enzyme activities (CAT, POD, 
APX), while reduced H2O2 
and MDA

Islam et al. 
(2015)

Chilling/3 °C/2 weeks Increased net photosynthetic 
rate, growth, yield greater, 
root, K+, and Ca2+, while 
reduced Na+ in the shoots

Iqbal and 
Ashraf (2010)

CaCl2/50 mM/12 h or 
NaCl/50 mM/12 h or 
CaSO4/50 mM/12 h

Increased germination, length 
of root, fresh and dry weights, 
and K+. The most effective 
priming agents were CaSO4 
and CaCl2

Afzal et al. 
(2008)
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3.2.1  Hydropriming

In hydropriming, seeds are soaked in water with or without aeration at optimum 
temperature (generally on or after 5–20 °C) and regularly for 6–24 h. This method 
is especially helpful in rural regions where crop production is damaged by unfavor-
able climatic environments, e.g., drought, and is required to enhance the efficiency 
of water use by decreasing chemical exposure (McDonald 2000). Hydropriming has 
long been known for its advantages, although it is now used less frequently than 
other methods. Harris (1992) suggested hydropriming as an inexpensive practice, 
explained for several crops in developing countries as “on-farm seed priming.”

3.2.2  Osmopriming

Osmopriming is known as osmotic priming or osmotic conditioning as well. It is a 
common pre-sowing practice that uses low-water-potential osmotic solutions to 
help manage water uptake. Osmopriming’s main goal is to limit the oxidative dam-
age caused by ROS by preventing water from entering. As a result, the osmotic 
agent’s water potential is a critical factor (Heydecker and Coolbear 1977; Taylor 
et al. 1998). In osmopriming, seeds are soaked in osmotic agent solutions for a cer-
tain time period.

This technique mainly utilizes sugars, polyethylene glycol (PEG), glycerol, sor-
bitol, or mannitol, followed by air drying pre-sowing.

3.2.3  Solid Matrix Priming

The priming of solid matrix is also known as “matriconditioning.” It has been devel-
oped as a replacement to avoid high osmopriming costs, which require big volumes of 
osmotic solution and costly temperature management and aeration systems (Paparella 
et al. 2015). There are a number of natural materials that were used for solid priming 
as matrices, e.g., charcoal, sawdust, coal, calcined kaolin, and vermiculite, and mar-
ketable materials, e.g., Agro-Lig®. Solid matrix priming is best performed in an air 
circulation sealed container while avoiding too much evaporation.

3.2.4  Biopriming

Biopriming is a method using a combination of useful or bioactive particles. Is it 
well acknowledged that the mixture of plants with particular fungi or bacteria 
yields very appropriate outcomes as these microorganisms are capable of creating 
endophytic connections with the plant, leading to enhanced plant development and 
manufacturing of phytohormones and enhanced biotic/abiotic stress resistance 
(Waller et  al. 2005). Bacillus spp., Enterobacter spp., Pseudomonas spp., and 
Trichoderma spp. are the most frequently used biopriming species (Niranjan Raj 
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et al. 2004). In addition, biopriming is accomplished by adding secondary metabo-
lites to the priming mixture and phytohormones (Hamayun et al. 2010).

3.2.5  Chemopriming

By addition of conventional decontaminators like sodium hypochlorite (NaOCl), 
hydrochloric acid (HCl), natural substances, and agrochemicals (e.g., herbicides, 
insecticides, fungicides, fumigants) to the priming solution for microbial pollution 
prevention, Chemopriming is accomplished (Parera and Cantliffe 1990). Natural 
compounds with a wide range of antimicrobial activity, including organic acids, 
essential oils, crude extracts of plants, and milk products, are mainly used for seed 
disinfection in organic farming (Van der Wolf et al. 2008). Additional environmen-
tally acceptable means such as those made from insecticidal and fungicidal micro-
encapsulated plant extracts are being tested (Gaidau et al. 2014).

3.2.6  Thermopriming

Thermopriming is a technique that seeds subject to different temperatures before 
sowing. This practice has been widely demonstrated to enhance germination effec-
tiveness under negative environmental circumstances, decreasing seed germination 
thermo-inhibition (Huang et  al. 2002). Thermopriming is accomplished by pre- 
sowing seed at different temperatures.

4  Mechanisms Induced by Seed Priming to Increase Plant 
Tolerance to Salt Stress

Seed priming has been shown to increase germination percentage, shoot and root 
length, shoot to root ratio, shoot to root weight, germination percentage, germina-
tion time, radicular length, radicular surface area, average radicle and radicle vol-
ume diameter, germination stress tolerance, seedling vigor, shoot and root length 
stress, fresh and root weight, and germination speed (Patade et al. 2009; Bajehbaj 
2010; Movaghatian and Khorsandi 2014; Ghezal et  al. 2016; Al-Tabbal 2017; 
Nimac et  al. 2018); increased photosynthetic pigments in terms of chlorophyll, 
carotenoids, and chlorophyll fluorescence (Anwar et  al. 2011; Demirkaya 2014; 
Azooz et al. 2015; Ghezal et al. 2016; Jisha and Puthur 2016; Abdel Latef et al. 
2017; Panuccioa et al. 2018; Tabassum et al. 2018); increased plant water content 
(relative water content, osmotic and water potential, and root hydraulic conductiv-
ity) (Azooz 2009; Jamil et al. 2012; Ouhibi et al. 2014; Hassini et al. 2017; Tabassum 
et al. 2017; Yang et al. 2017; Jiménez-Arias et al. 2019); improved leaf photosyn-
thetic rate and stomatal conductance (Iqbal and Ashraf 2013; Jisha and Puthur 2016; 
Sarwar et al. 2017; Yang et al. 2017; Panuccioa et al. 2018; Jiménez-Arias et al. 
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2019); increased osmoprotectants (soluble sugars, soluble proteins, and proline) 
(Oliveira et al. 2011; Jabeen and Ahmad 2013; Azooz et al. 2015; Abdel Latef et al. 
2017; Ghassemi-Golezani and Nikpour-Rashidabad 2017); increased enzymatic 
antioxidant activity, i.e., catalase (CAT), peroxidase (POX), superoxide dismutase 
(SOD), ascorbate peroxidase (APX), and glutathione reductase (GR) (Azooz 2009; 
Jabeen and Ahmad 2013; Oliveira et al. 2012; Abdel Latef et al. 2017; Alasvandyari 
et al. 2017; Mekawy et al. 2018); increased nutrient uptake, i.e., K+, Ca2+, and Mg2+ 
(Afzal et  al. 2008; Iqbal and Ashraf 2010; Anwar et  al. 2011; Demirkaya 2014; 
Azooz et al. 2015); increase plant growth (relative growth rate, unit leaf rate, leaf 
area ratio, specific leaf area) (Maswada and Abd El-Kader 2016); enhanced organic 
solutes, i.e., soluble sugar, soluble protein, free amino acids, proline, and betaine 
(Anwar et al. 2011; Oliveira et al. 2011; Azooz et al. 2015; Jiménez-Arias et al. 
2015; Ghezal et al. 2016; Jisha and Puthur 2016; Alasvandyari et al. 2017; Ghassemi- 
Golezani and Nikpour-Rashidabad 2017; Sarwar et  al. 2017; Keshavarza and 
Moghadam 2017; Tabassum et al. 2017); reduced leakage of electrolytes and H2O2 
content and MDA content (Jisha and Puthur 2014; Alasvandyari et al. 2017; Mekawy 
et al. 2018; Rinez et al. 2018; Tabassum et al. 2018); and consequently increased 
plant yield (biomass, grain yield, yield attributes) (Iqbal et  al. 2006; Iqbal and 
Ashraf 2010, 2013; Mohammadi et al. 2012; Ghezal et al. 2016) and accordingly is 
capable to boost plant performance and tolerance under salinity stress in several 
crops such as okra (Azooz et al. 2015), wheat (Iqbal and Ashraf 2010; Maswada and 
Abd El-Kader 2016), quinoa (Yang et al. 2017), and pepper (Rinez et al. 2018).

Table 1 shows the functions of seed priming in plant under salt stress. In Table 1, 
there are many plant species that were tested for seed priming under salt stress, 
namely, tomato (Solanum lycopersicum), sea fennel (Crithmum maritimum L.), 
quinoa (Chenopodium quinoa Willd.), chickpea (Cicer arietinum), pepper 
(Capsicum annuum L.), maize (Zea mays L.), rice (Oryza sativa L.), barley 
(Hordeum vulgare), wild foxglove (Ceratotheca triloba), sorghum (Sorghum 
bicolor), safflower (Carthamus tinctorius L.), sunflower (Helianthus annuus L.), 
lupine (Lupinus termis), dill (Anethum graveolens L.), cucumber (Cucumis sati-
vus), broccoli sprouts (Brassica oleracea), common bean (Phaseolus vulgaris), 
pea (Pisum sativum L.), mung bean (Vigna radiata L.), okra (Hibiscus esculentus), 
Arabidopsis (Arabidopsis thaliana), faba bean (Vicia faba L.), alfalfa (Medicago 
sativa), lettuce (Lactuca sativa), lentil (Lens culinaris), Chinese cabbage (B. 
oleracea capitata), canola (Brassica napus), melon (Cucumis melo), sugarcane 
(Saccharum officinarum L.), ajwain (Carum copticum), and wheat (Triticum aes-
tivum L.). These plant species were tested for seed priming techniques using many 
materials with different concentrations, namely, distilled water (dH2O), menadi-
one sodium bisulfite (C11H9NaO5S), gibberellic acid (C19H22O6), saponin 
(C36H58O9), zinc sulfate (ZnSO4), salicylic acid (C7H6O3), apigenin (C15H10O5), 
validamycin A (C20H35NO13), phloroglucinol (C6H6O3), polyethylene glycol 6000 
(PEG-6000) (HO(C2H4O)nH), glycine betaine (C5H11NO2), chitosan (C56H103N9O39), 
acetic acid (C2H4O2 or CH3COOH), potassium nitrate (KNO3), zinc oxide (ZnO 
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nanoparticles), triacontanol (C30H62O), vitamin B12 (C63H88CoN14O14P), zinc sul-
fate (ZnSO4), β-amino butyric acid (C4H9NO2), jasmonic acid (C12H18O3), ascorbic 
acid (vitamin C) (C6H8O6 or HC6H7O6), nicotinamide (vitamin B3) (C6H6N2O), 
sodium nitroprusside (Na2[Fe(CN)5(NO)]), kinetin (C10H9N5O), indole acetic acid 
(C10H9NO2), indolebutyric acid (C12H13NO2), tryptophan (C11H12N2O2), calcium 
sulfate (CaSO4), calcium chloride (CaCl2), potassium chloride (KCl), sodium 
chloride (NaCl), putrescine (C4H12N2), spermidine (C7H19N3), spermine (C10H26N4), 
Zn-glutamine (C5H10N2O3), Zn-glycine (C4H8N2O4Zn), Zn-arginine (C6H14N4O2), 
and Zn-histidine (C6H9N3O2Zn), UV-C irradiation, Enterobacter spp. strain FD17, 
magnetic fields, aqueous extracts of Padina pavonica or Jania rubens or Typha 
angustifolia or Rosmarinus officinalis or Artemisia, commercial seaweed extract, 
and smoke- compound karrikinolide.

It has also been previously documented that plants are constructing many physi-
ological and biochemical adaptations to adjust themselves under saline environ-
ments. With regard to using seed priming to alleviate the salt stress effects on plants, 
we proposed a schematic diagram describing the chain reaction following the seed 
priming (Fig. 2). The diagram illustrates the possible impact of the seed priming on 
different physiological processes, enhancing tolerance level and final yield.

Fig. 2 Schematic diagram describing the chain reaction following the seed priming. The diagram 
illustrates the possible impact of the seed priming on different physiological processes, enhancing 
tolerance level and final yield
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4.1  Induced Salt Tolerance by Seed Priming Through Plant 
Physiological Response

Photosynthesis is the biochemical pathway through which plants transform solar 
energy into the chemical energy needed for growth. Under salt stress, reduced pho-
tosynthetic rates in plants are primarily due to reduced water potential and/or greater 
of Na+ and/or Cl− in chloroplasts that slow down chlorophyll (Iqbal and Ashraf 
2007; Khayyat et al. 2014). Reducing the content of chlorophyll is common under 
salt stress and has been used in many reports as a sensitive indicator for cell metabo-
lism (Chutipaijit et  al. 2011). Reductions in chlorophyll a, chlorophyll b, carot-
enoids, and photosynthetic pigments have been recorded in faba bean following 
44-day use of diluted seawater with 3.13 or 6.25 dS m−1, with reduced total pig-
ments by 6.7% and 15.6%, respectively, using both seawater treatments compared 
to control crops (Dawood et al. 2014b). In another study in soybean plants that are 
exposed to diluted salinity of seawater, chlorophyll a, chlorophyll b, total carot-
enoids, and total concentrations of pigments gradually decreased with increased 
levels of salt stress (Rady et al. 2015). Membrane deterioration is considered one of 
several reasons which might affect negatively on the chlorophyll under stress (Mane 
et  al. 2010). Moreover, increased chlorophyll a and chlorophyll b content was 
reported by Tabassum et al. (2018), which was correlated with increased cell mem-
brane stability.

Photosystem II (PS II), when subjected to salt stress, is a fragile component of 
the photosynthetic structure (Allakhverdiev et al. 2000). The efficiency of PS II, the 
electron transportation chain (ETC), and the net rate of CO2 assimilation have been 
reported to be reduced under salt stress (Piotr and Grazyna 2005). Moreover, 
changes in Scenedesmus obliquus’ photosynthetic attributes resulting in reduced 
biomass accumulation were reported (Demetriou et al. 2007). There was no signifi-
cant difference in salt tolerant-cultivar Vicia faba cv. Giza 843 a susceptible one 
Giza 4 under the saline condition in Fv/Fm (used to estimate PS II’s potential effi-
ciency through darkly adapted measurements), while Giza 843 had a significantly 
higher PI (photosynthetic performance index) (Semida et  al. 2014). Salt stress 
decreased the development of citrus by decreasing the net photosynthetic rate, sto-
matal behavior, PS II performance, and photosynthetic efficiency (Lòpez-Climent 
et al. 2008). It has been reported that salinity stress affects barley growth by altering 
chlorophyll fluorescence (PS II) and developing complex oxygen functions (Kalaji 
et al. 2011). In addition, salt stress decreased Brassica development by influencing 
PS II, electron transport rates, and D1 protein (Mittal et al. 2012). Moreover, under 
salt stress, there are other reasons that reduce net CO2 assimilation rates, such as cell 
membrane dehydration, which decreases carbon dioxide permeability, salt toxicity, 
increased senescence, variations in cytoplasmic structure-induced enzyme activity, 
and negative reaction to decreased sink activity (Iyengar and Reddy 1996).

As discussed above, a plant under salt stress faces a reduction in photosynthetic 
rates due to a decreasing in water potential accompanied/or not with too much con-
centration of Na+ and/or Cl− in the chloroplasts and chlorophyll. Therefore, any 
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means that could increase plant water potential and exclude Na+ and Cl− may 
increase chlorophyll content and improve photosynthetic performance of PS II and 
consequently result in enhancing net CO2 photosynthetic rate and finally boost plant 
yield. In this regard, several authors reported that seed priming materials (e.g., sapo-
nin; dH2O; CaCl2; zinc nanoparticles (ZNPs); vitamin B12; NaCl; indole acetic 
acid; indolebutyric acid; tryptophan) increased photosynthetic pigment (chlorophyll 
a, chlorophyll b, carotenoids), photosystem II, and net CO2 photosynthetic rate in 
several crops, e.g., quinoa, barley, lupine, common bean, mung bean, and wheat 
(Jisha and Puthur 2014; Abdel Latef et al. 2017; Keshavarza and Moghadam 2017; 
Yang et al. 2017; Tabassum et al. 2018). More details about the materials used for 
priming and their concentrations are shown in Table 1. A schematic diagram describ-
ing the chain reaction following the seed priming is shown in Fig. 2. The diagram 
illustrates the possible impact of the seed priming on different physiological pro-
cesses, enhancing tolerance level and final yield.

It was reported that improved photosynthetic pigment (chlorophyll a, chloro-
phyll b, carotenoids), photosystem II, and net CO2 assimilation rate by seed prim-
ing application (CaCl2; ZNPs; vitamin B12; aqueous leaf extracts of Typha 
angustifolia; β-amino butyric acid; NaCl; jasmonate sodium nitroprusside) were 
associated with decreased malondialdehyde and hydrogen peroxide in plants under 
salt stress (Jisha and Puthur 2014, 2016; Azooz et  al. 2015; Ghezal et  al. 2016; 
Maswada and Abd El-Kader 2016; Abdel Latef et  al. 2017; Keshavarza and 
Moghadam 2017; Tabassum et al. 2018). Various studies (e.g., Sivritepe et al. 2005; 
Iqbal and Ashraf 2010; Azooz et al. 2013, 2015; Maswada and Abd El-Kader 2016; 
Ghezal et al. 2016; Tabassum et al. 2018) reported that enhanced photosynthetic 
pigment (chlorophyll a, chlorophyll b, carotenoids), photosystem II, and net CO2 
photosynthetic rate by seed priming application (CaCl2; chilling at 3  °C; NaCl; 
sodium nitroprusside; diluted seawater with 9.00 dS m−1; ascorbic acid; nicotin-
amide; jasmonate; aqueous leaf extracts of Typha angustifolia) were associated 
with increased contents of nutrients (P, K+, Ca2+, Mg2+, Ca2+, Zn), raised Ca2+:Na+ 
and K+:Na+ ratios, and reduced Na+ and Cl− in plants under salt stress. Enhanced 
photosynthetic pigment (chlorophyll a, chlorophyll b, carotenoids), photosystem 
II, and net CO2 photosynthetic rate by seed priming application (CaCl2; NaCl; 
ZNPs; jasmonate; ascorbic acid; nicotinamide; EC 9.00 dS m−1; sodium nitroprus-
side) were correlated with increased organic solute content (proline and glycinebe-
taine, free amino acids, soluble sugar, soluble protein) under salt stress (Anwar 
et al. 2011; Azooz et al. 2013, 2015; Jisha and Puthur 2014; Maswada and Abd 
El-Kader 2016; Abdel Latef et al. 2017; Tabassum et al. 2018). Increased photosyn-
thetic pigment (chlorophyll a,  chlorophyll b, carotenoids), photosystem II, and net 
CO2 photosynthetic rate by seed priming application (ZNPs; vitamin B12; aqueous 
leaf extracts of Typha angustifolia; jasmonate; KNO3; dH2O; gibberellic acid) were 
associated with increased enzymatic antioxidants (SOD, CAT, POD, and APX, 
POX) and nonenzymatic antioxidants (total phenols, flavonoids, ascorbic acid, total 
carotenoids) in salt-stressed plants (Mahmoudi et  al. 2012; Azooz et  al. 2015; 
Ghezal et al. 2016; Abdel Latef et al. 2017; Keshavarza and Moghadam 2017).
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4.2  Induced Salt Tolerance by Seed Priming Through Ionic 
Balance

When plants are stressed by salt, the absorption of essential mineral elements is 
interrupted. The increase in concentration of Na+ in the root rhizosphere directly 
affects negatively on the absorption of many necessary elements, such as K+, while 
Na+ shows opposite correlation with K+ (Kohler et al. 2009). In most plant species, 
salt tolerance was correlated with only tiny quantities of Na+ and Cl− in the shoots 
(Greenway and Munns 1980), while Cl− under saline conditions is the most preva-
lent anion. Noble and Rogers (1992) proposed shoot Cl− levels as selection standard 
for salt tolerance. For instance, in four Vicia faba cultivars, Abdelhamid et al. (2010) 
recorded a partial ion exclusion mechanism, stating that partial toxic ion exclusion 
was suggested as the main selection parameter for faba bean salt tolerance. They 
reported that faba bean salt-tolerant cultivars (Giza 429, Giza 843, Misr 1) had 
higher N, P, K+, Ca2+, and Mg2+ than susceptible cultivars (Giza 3), which showed 
lesser K+, Ca2+, and Mg2+ while higher Na+ and Cl−. Ions’ uptake in plants can be 
exploited as a marker of salt tolerance since they are genetically controlled but also 
influenced by the environment (Chaubey and Senadhira 1994). The Vicia faba salt- 
tolerant cultivar Giza 429 has been confirmed by Semida et al. (2014) that it had 
higher levels of N, P, K+, and Ca2+, whereas susceptible salt cultivar Giza 40 had 
lower levels of N, P, K+, and Ca2+ but higher levels of Na+. Furthermore, under saline 
conditions, high Na+:K+ and Na+:Ca2+ ratios occur in the soil due to excessive 
amounts of exchangeable Na+. Thus, plants grown in such environments have ele-
vated Na+ levels, while K+ and Ca2+ take-up is decreased. For the integrity and func-
tioning of cell membranes, rational quantities of both K+ and Ca2+ are requisite 
(Wenxue et al. 2003). For several major metabolic processes in plant cells, optimal 
K+ is essential (Tomar and Agarwal 2013). A good amount of K+:Na+ and Ca2+:Na+ 
ratios are also considered beneficial in maintaining ion balance in plant leaves and 
demonstrating salt tolerance in plant (Abdelhamid et al. 2010; Semida et al. 2014). 
Semida et al. (2014) confirmed that Vicia faba cv. Giza 429 salt-tolerant cultivar had 
higher K+:Na+ and Ca2+:Na+ ratio, while susceptible salt cultivar Giza 40 had lower 
ratios. In addition, Bargaz et al. (2016) reported that Phaseolus vulgaris recombi-
nant inbred lines (RIL) RIL115, exhibited more salt tolerance with greater uptake of 
P, K+, Ca2+, Mg2+, and Mn2+ and higher uptake of K+:Na+ than susceptible salt toler-
ance of RIL147. However, contradictory results for different plant species were 
reported, where Ashraf et al. (1994) questioned ion exclusion mechanism valida-
tion. Moreover, salt-tolerant and salt-sensitive lines were found to vary a little in 
Na+ and Cl− shoot of the species Atylosia (Subbarao et al. 1990).

There are several reports examining how seed priming is affecting plant growth 
and mechanisms involved to help a plant to be more tolerant under salt stress condi-
tion. As discussed above that a plant under salt stress with greater elemental con-
tents, i.e., K+ and Ca2+, and lower Na+ could be considered salt tolerant. In this 
regard, several authors reported that seed priming (namely, NaCl, CaCl2, gibberel-
lic acid, PEG-6000, SA, glycinebetaine, ZnSO4, aqueous leaf extracts of Typha 
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angustifolia, jasmonate, ascorbic acid, nicotinamide, UV-C irradiation, CaCl2, 
dH2O, seawater with 9.00 dS m−1, sodium nitroprusside, and CaSO4) improved K+, 
Ca2+, and the ratios of K+:Na+ and Ca2+:Na+, while it reduced Na+ in wheat (Triticum 
aestivum) (Afzal et al. 2008; Maswada and Abd El-Kader 2016; Tabassum et al. 
2017), barley (Hordeum vulgare) (Anwar et al. 2011; Tabassum et al. 2018), rice 
(Oryza sativa L.) (Imran et al. 2016), sorghum (Sorghum bicolor) (Oliveira et al. 
2011), dill (Anethum graveolens L.) (Ghassemi-Golezani and Nikpour-Rashidabad 
2017), safflower (Carthamus tinctorius) (Alasvandyari et al. 2017), common bean 
(Phaseolus vulgaris) (Gulmezoglu et al. 2016), pea (Pisum sativum L.) (Ghezal 
et al. 2016), okra (Hibiscus esculentus) (Azooz et al. 2015), faba bean (Vicia faba 
L.) (Azooz et al. 2013), lettuce (Lactuca sativa) (Ouhibi et al. 2014), and melon 
(Cucumis melo) (Sivritepe et al. 2005). More details about the materials used for 
priming and their concentrations are shown in Table 1.

Seed priming has been shown to be capable of promoting plant growth under 
salinity stress through increased nutrient uptake of K+, Ca2+, and Mg2+ while lower 
uptake of Na+ and Cl− which could be considered as one of the seed priming 
approaches to mitigate salt stress (Afzal et al. 2008; Iqbal and Ashraf 2010; Anwar 
et al. 2011; Demirkaya 2014; Azooz et al. 2015). This could make seed priming 
useful to alleviate the plant’s salinity stress. Seed priming also participates with 
important function in regulating the ion transportation and membrane proteins, 
which manage plant ion homeostasis. For example, Yang et al. (2017) reported little 
Na+ and elevated K+ in quinoa plants grown under 400 mM NaCl stress primed with 
concentrations of 0.5, 2, 5, 10, 15, 25, and 35% saponin. In rice, 24-h seed priming 
with 10  ppm of apigenin reduced Na+ concentration in salt-stressed plants and 
helped maintain a superior K+:Na+ ratio in all plant parts compared to control plants, 
possibly by adjusting the appearance of confident central Na+ transporter encoding 
genes (Mekawy et al. 2018). Iqbal and Ashraf (2010) compared two salt-sensitive 
and salt-tolerant Triticum aestivum cultivars after priming their seeds with chilling 
at 3 °C for 2 weeks and distilled water hydropriming for 12 h at 22 ± 3 °C. They 
assigned the increased growth and yield to enhanced concentration of K+ and Ca2+ 
in the roots and decreased Na+ in wheat cultivars (Iqbal and Ashraf 2010). A sche-
matic diagram describing the chain reaction following the seed priming is shown in 
Fig. 2. The diagram illustrates the possible impact of the seed priming on different 
physiological processes, enhancing tolerance level and final yield.

4.3  Induced Salt Tolerance by Seed Priming 
Through Osmolyte Organic Solutes

In order to combat stress, plant metabolism is altered in many respects by integrating 
compatible solute manufacturing to set proteins and cellular structures and/or retain 
cell turgor through osmotic adjustment and polymerization metabolism to eradicate 
ROS surpluses and resume the cellular redox equilibrium (Janska et al. 2010; Krasensky 
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and Jonak 2012). Organic plant osmolytes are compounds of low molecular weight, 
methylated tertiary N and amino acids, and other metabolites of low molecular weight 
(Chen and Jiang 2010). Osmolytes have unique responses that can defend plant cells 
other than osmotically (Yancey 2005). Plant performance was also enhanced by the 
use of exogenous osmolytes under salt stress. A well- recognized adaptive mechanism 
in salt-stressed plants is the accumulation of osmolytes consisting of proline, glycine 
betaine, and sugar (Parida and Das 2005; Ashraf and Foolad 2007).

In many crop plants, e.g., safflower (Carthamus tinctorius), wheat (Triticum aesti-
vum), sorghum (Sorghum bicolor), faba bean (Vicia faba), lupine (Lupinus termis), and 
common bean (Phaseolus vulgaris), and in reaction to salt stress, soluble sugars, free 
amino acids, proline, and glycine betaine build up (El-Lethy et al. 2013; Semida et al. 
2014; Bargaz et al. 2016; Orabi and Abdelhamid 2016; Alasvandyari et al. 2017). The 
increment in accumulation of these organic osmolytes corresponded with a rise in the 
rate of salinity (Bargaz et al. 2016). Tolerant genotypes accumulated in some species 
more proline than susceptible one in reaction to salt stress, e.g., common bean salt-
tolerant genotype RIL115 accumulated significant higher proline than the salt-suscep-
tible RIL147 genotype (Bargaz et al. 2016), and in faba bean, the salt-tolerant cultivar 
Giza 843 had higher proline more than susceptible salt tolerance Giza 3 cultivar (Orabi 
and Abdelhamid 2016), while in wheat, salt-tolerant cultivar Sakha 93 accumulated 
significantly more soluble sugars than the salt-susceptible Gemiza 9 cultivar (El-Lethy 
et al. 2013). In addition, genotype 115 salt-tolerant faba beans appear to be associated 
with its capacity to accumulate more osmotic solutes than susceptible one (Azooz 
2009). Proline therefore prevents crops from salt stress injury by keeping osmoregula-
tion. Furthermore, the roles of proline as an osmolyte or osmoprotective compatible 
and its antioxidant characteristics to decrease ROS have become a strong plant safe-
guard against negative abiotic stress, including salt stress (Matysik et al. 2002).

Therefore, as discussed above, a plant under salt stress with greater compatible 
solute, e.g., glycine betaine, amino acids, soluble sugars, and proline, could be con-
sidered salt tolerant. In this regard, several authors reported that seed priming tech-
niques with different materials, e.g., dH2O, CaCl2, PEG-6000, glycinebetaine, ZnO 
nanoparticles, gibberellic acid, triacontanol, vitamin B12, aqueous leaf extracts of 
Typha angustifolia, β-amino butyric acid, NaCl, jasmonate, menadione sodium 
bisulfite, soluble sugars, salicylic acid, glycine betaine, amino acids, and proline, in 
many crops i.e., in barley (Anwar et al. 2011), sorghum (Oliveira et al. 2011), saf-
flower (Alasvandyari et  al. 2017), lupine (Ghassemi-Golezani and 
 Nikpour- Rashidabad 2017), cucumber (Sarwar et  al. 2017), common bean 
(Keshavarza and Moghadam 2017), pea (Ghezal et al. 2016), mung bean (Jisha and 
Puthur 2016), okra (Azooz et al. 2015), Arabidopsis (Jiménez-Arias et al. 2015), 
and wheat (Tabassum et al. 2017). More details about the materials used for priming 
and their concentrations are shown in Table 1.

On the other hand, exogenous application of compatible solute might not only 
raise their levels but also protects components of cells, thus raising cellular osmotic 
pressure. Exogenous amino acids enhanced free amino acids, proline, and soluble 
sugars in salt-stressed faba bean (Sadak and Abdelhamid 2015). Furthermore, 
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exogenous 5.0 mM proline applications increased proline in common bean plants 
in saline soil (Abdelhamid et  al. 2013a). Exogenous use of glycinebetaine has 
been reported to improve CO2 assimilation, decrease stomatal conductance, and 
improve the efficiency of PS II in maize salt stress plants (Yang et  al. 2005). 
Glycinebetaine functions an important job in protecting plant against salt stress 
(Ashraf and Foolad 2007) through protein and RuBisCO stabilization (Mäkelä 
et  al. 2000), photosynthetic device protection (Cha-Um and Kirdmanee 2010), 
osmotic adjustment (Gadallah 1999), and ROS reduction (Ashraf and Foolad 
2007). A schematic diagram describing the chain reaction following the seed prim-
ing is shown in Fig. 2. The diagram illustrates the effects of seed priming on dif-
ferent physiological processes, enhancing tolerance level and final yield.

Seed priming in 0, 10, 30, and 60 mM glycinebetaine increased salt tolerance in 
safflower, mainly linked with enhanced CAT and SOD enzyme activity, and protects 
cell membranes as a consequence of decreased lipid peroxidation and enhanced ion 
homeostasis (Alasvandyari et al. 2017). Tabassum et al. (2017) reported increased 
leaf proline and glycinebetaine, and this increase was positively correlated with 
increases in leaf area, water content, and grain yield while negatively associated 
with decreases in MDA and Na+ content when wheat primed with dH2O and CaCl2. 
The increased activity of POD and APX antioxidant enzymes with greater amount 
of osmoprotectants (soluble sugars, soluble proteins, and proline) resulted in pro-
tecting okra plants from oxidative injury induced by NaCl stress owing to 50 μM 
jasmonate seed priming (Azooz et al. 2015).

4.4  Induced Salt Tolerance by Seed Priming 
Through Antioxidant Defense Response

Salinity causes cell-level oxidative damage in plants. The oxidative burst findings 
since the molecule of oxygen (O2) occurs under stress circumstances as an electron 
acceptor, leading in the building up of reactive oxygen species (ROS) in subcellular 
compartments, especially in mitochondria and chloroplast. ROS contains superox-
ide radical (O2

•−), singlet oxygen (1O2), hydroxyl radical (•OH), and hydrogen per-
oxide (H2O2). These are oxidizing compounds that can cause injury to DNA, 
proteins, and lipids (Quiles and López 2004).

Most plant antioxidant studies show that plant production of antioxidants increases 
in response to salinity to counteract high levels of salt-induced ROS in cells. However, 
plants with elevated activities of antioxidants can scavenge/detoxify ROS and thus 
lead to higher salt tolerance (Wise and Naylor 1987; Garratt et al. 2002). Some of the 
antioxidant enzymes are directly engaged in salt-induced ROS detoxification, i.e., 
glutathione reductase (GR), superoxide dismutase (SOD), catalase (CAT), glutathi-
one peroxidase (GPX), and ascorbate peroxidase (APX). Ascorbate, glutathione, and 
flavonoid are the main nonenzymatic antioxidants engaged in ROS detoxification by 
salinity (Van Oosten et al. 2013; Begara-Morales et al. 2014).
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Significant differences in antioxidant expression for both enzymatic and nonen-
zymatic are apparent at interspecific or intraspecific concentrations in reaction to salt 
stress and may rely on germplasms, species, geographic distribution, climate vari-
ables, and seasons. For example, plants vary in antioxidant activity under salt envi-
ronment, and this difference can be assigned to genotypic diversity and the degree of 
stomata closure that alters the CO2 fixation rate and avoids photoinhibition (Munns 
and Tester 2008). While determining if guaiacol peroxidase (POX), the SOD and 
CAT operate an important function in protecting and recovering cowpea from oxida-
tive salt stress (Cavalcanti et al. 2004). It was reported, however, that the principal 
antioxidant mechanism, which includes CAT, SOD, and POX, in cowpea mature 
leaves did not interfere with salt-stressed plants’ survival (Cavalcanti et al. 2004).

Many studies confirm the positive association between elevated antioxidant 
activity and the salt tolerance grade in diverse plant species, even though in some 
other instances, this is not always right. For instance, the activity of PPO, POX, 
SOD, CAT, and APX antioxidant enzymes improved with higher concentrations of 
faba bean salt-stressed plants (Sadak and Abdelhamid 2015). Orabi and Abdelhamid 
(2016) recorded enhanced activity of antioxidant enzymes POX, CAT, SOD, and 
PAL in two faba bean cultivars under salt stress, and the greater activity was 
observed in Giza 843 salt-tolerant cultivar compared to Giza 3 susceptible one.

As discussed above that a plant under salt stress with greater antioxidants, both 
enzymatic and nonenzymatic could be considered a tolerant one. In this regard, sev-
eral authors reported that seed priming techniques (e.g., vitamin B12; glycinebetaine; 
jasmonate; sodium nitroprusside; KCl; CaCl2; jasmonate; glycine betaine; ZNPs; 
chilling at 3 °C) increased antioxidants in many crops, e.g., wheat, broad bean, lupine, 
and safflower (Azooz 2009; Islam et al. 2015; Abdel Latef et al. 2017; Alasvandyari 
et al. 2017). More details about the materials used for priming and their concentrations 
are shown in Table 1. A schematic diagram describing the chain reaction following the 
seed priming is shown in Fig. 2. The diagram illustrates the effects of seed priming on 
different physiological functions, enhancing tolerance level and increased final yield.

The PEG-6000 solution used for seed priming with an osmotic potential of 
−0.86 Mpa increased CAT and POX activity, and these enzymes can protect sor-
ghum seedlings from oxidative damage in nutrient solutions due to accelerated seed 
aging and salinity (Oliveira et al. 2012). In latest research by Mekawy et al. (2018), 
when rice seeds were submerged in a 10 ppm apigenin solution, apigenin pretreat-
ment was connected with the induction of the antioxidant rice protection mechanism 
by increasing antioxidant CAT and APX activity in the roots, in addition to enhanced 
accumulation of nonenzymatic antioxidant carotenoids and flavonoids in the shoots, 
so apigenin pretreatment may reduce the damaging impacts of salinity on rice seed-
lings by probably triggering induction of antioxidant defense mechanism. 
Furthermore, Alasvandyari et al. (2017) found that priming with 60 mM glycinebe-
taine increased salt tolerance in the safflower, mainly owing to enhanced activity of 
CAT and SOD and decreased cell membrane damage due to decreased lipid peroxi-
dation and enhanced ion homeostasis. Seed priming with ZNPs generally stimulate 
stressed plant growth, accompanied by increased ascorbic acid and Zn, plus enhanced 
activity of SOD, CAT, POD, and APX enzymes. Priming with ZNPs in stressed 
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crops led to a decrease in MDA and Na+ content. These results therefore indicate that 
seed priming with ZNPs, especially 60 mg L−1 ZnO, is an effective method that can 
be utilized to enhance salt tolerance of lupine plants (Abdel Latef et  al. 2017). 
Improved SOD, APX, and POX activity through seed priming (i.e., vitamin B12; 
glycine betaine; jasmonate; sodium nitroprusside; KCl; CaCl2) reduced levels of 
H2O2 and MDA in plants under salt stress (Azooz et al. 2015; Islam et al. 2015; Ali 
et al. 2017; Alasvandyari et al. 2017; Keshavarza and Moghadam 2017). Seed prim-
ing with jasmonate, glycinebetaine, ZNPs, and 3 °C chilling increased activity of 
SOD, APX, and POX which was associated with increased nutrient content of K+, 
Ca2+, Mg2+, Ca2+, and Zn in salt-stressed plants (Iqbal and Ashraf 2010; Azooz et al. 
2015; Abdel Latef et al. 2017; Alasvandyari et al. 2017). Enhanced SOD, APX, and 
POX activities were associated with increased organic solutes of proline, free amino 
acids, soluble sugar, and soluble protein, in salt-stressed plants by seed priming 
application, i.e., vitamin B12, ZNPs, gibberellins, and salicylic acid (Abdel Latef 
et  al. 2017; Ghassemi-Golezani and Nikpour-Rashidabad 2017; Keshavarza and 
Moghadam 2017). Moreover, Azooz (2009) reported that Vicia faba genotype 115 
had a higher accumulation of CAT, POD, APX, and GR antioxidant enzyme activity 
than genotype 125, when grown in salt with 0 or 140 mM NaCl and seed priming 
with 0.2 mM salicylic acid; thus they concluded that the salt tolerance genotype 115 
appears to be associated with increased antioxidant enzyme activity.

5  Concluding Remarks and Future Perspectives

In conclusion, salt stress is a condition shown in Fig. 1 where too many salts in the soil 
solution bring about plant growth inhibition or plant death. Salt stress presents a grow-
ing threat to plant farming. In order to regulate themselves under saline conditions, 
plants build up many physiological and biochemical adaptations. Seed priming is a 
technique that might advance seed performance under salt stress. Seed priming could 
build up various tolerance mechanisms in seeds against salt stress, for example, varia-
tion in photosynthetic pigment, osmotic adjustment, ionic balance, and ion exclusion 
and antioxidant protection system. A schematic diagram describing the chain reaction 
following the seed priming is shown in Fig.  2. The diagram illustrates the possible 
impact of the seed priming on different physiological processes, enhancing tolerance 
level and final yield. The up-to-date knowledge on seed priming management used in a 
variety of crops under saline condition is summarized in Table  1. The use of 
Chemopriming to boost plant tolerance against salt stress is highly promising. Because 
only limited useful information is available for a large number of plant species, further 
research is needed to study appropriate substances with precise concentration of prim-
ing agents that can guarantee successful seed germination and growth of plant seedling 
in saline environments. Future research should also focus on molecular, physiological, 
and metabolic changes caused by salt stress priming mediators. Moreover, further 
research in the directions proposed in this chapter would be a great extent support for 
establishment of this know-how in plant management under salt stress in the near future.
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Abstract Plants are sessile entities and hence have to face the environmental hav-
ocs without any chance of avoiding it. Abiotic stress like drought and salinity 
encumbers plant growth and developmental activities rendering drastic drop in crop 
yields. Though plants have evolved stress response mechanisms, many a times it 
doesn’t suffice, and the plant succumbs to stress intensity and duration. But some-
times priming and pretreatment with exogenous agents (selenium, silicon, zinc, 
copper, etc.) enhance the inherent tolerance capability of plants to some extent. 
These priming and pretreatment technologies (using sodium nitroprusside, hydro-
gen peroxide, etc.) are cost-effective and user-friendly for stress alleviation in vari-
ous plants. This chapter centre rounds these ameliorating agents and the mechanisms 
involved in enhancing the tolerance capability. Various reports suggested different 
techniques and treatments in combinations while using variety of agents. This chap-
ter aims to compare and summarise the technologies used. Though we mainly rep-
resent the mitigations reported in the past decade or so, this chapter is divided into 
two sections, with a glimpse of various inorganic and organic amendments used to 
alleviate salinity and drought stresses in wide range of plants.
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1  Introduction

Being sessile in nature, plant has to develop its own strategies to deal/cope with dif-
ferent environmental stresses (Barkla et al. 2013). Environmental stresses like high 
temperature, low temperature, salinity, drought and heavy metals have a great detri-
mental effect on crop growth and productivity worldwide (Cheeseman 2016). 
Among all the abiotic factors, drought and salinity are the most potent deterrents 
inflicting damage to 50% of world arable lands. Although conventional breeding 
and genetic manipulation through genetic engineering have great potential to 
enhance the tolerance capacity of crop plants against various abiotic stresses, seed 
priming or prestress exposure is emerging rapidly as an attractive alternative strat-
egy in crop stress management and plant stress physiology to enhance plant’s stress 
tolerance capacity under abiotic stress in the subsequent stages of development 
(Moshelion and Altman 2015; Savvides et al. 2016). Now both seed priming and 
pretreatment have emerged as an effective and practical method to enhance different 
abiotic stress tolerance/avoidance capacity (Bayat and Sepehri 2012; Khan et  al. 
2012; Hussain et al. 2016). Unlike conventional breeding and genetic engineering 
which are expensive, complicated and time-consuming approaches or even unac-
ceptable in many countries, seed priming is more simple, of low cost, user-friendly 
and an effective method to enhance seed germination, seedling growth and crop 
production under adverse condition. In this method, seeds are pre-soaked with dif-
ferent ions, hormones, chemicals, organic compounds and antioxidants before 
planting (Ahmad et al. 2012; Moulick et al. 2016). Under multiple abiotic condi-
tions, primed seeds have more stress tolerance capacity and better germination abil-
ity compared to non-primed seeds in different crop species (Zhuo et al. 2009).

1.1  Seed Priming

Increased seed quality is the need of the hour and has an increased demand in agri-
cultural seed markets. Seed priming has emerged as less arduous approach in this 
direction. Seed priming technologies are said to induce ‘pre-germinative metabo-
lism’ which includes activation of DNA repair pathways and antioxidant metabo-
lism. Based on the agents used, seed priming has been characterised into 
hydropriming, biopriming, osmopriming, solid matrix priming, chemopriming and 
thermopriming. Hydropriming is the most primitive of all the priming technologies 
available which involves soaking of seeds under optimal temperature for partial 
hydration (McDonald 2000; Chen et al. 2012; Moulick et al. 2017). Here the main 
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critical point is to maintain optimum temperature and humidity to avoid radicle 
protrusion. Although during this seed priming process, germination is not allowed 
through the controlled hydration technique, all other pre-germination metabolic 
activities required for embryonic and radicle growth are initiated (Jisha et al. 2013; 
Chen and Arora 2013; Paparella et al. 2015). So, as a result of this priming process, 
primed seeds have a better seed germination rate and uniform seedling growth com-
pared to non-primed seeds (Chen and Arora 2013; Hakeem 2015). Biopriming 
involves the use of microorganisms or biologically active molecules as priming 
agents (Niranjan Raj et al. 2004). These biologically active molecules often involve 
plant secondary metabolites and hormones. In case of osmopriming, seeds are 
treated with an osmoticum at low water potential to facilitate better control of water 
uptake (Zhou et al. 2013). Solid matrix priming is an adaptation of osmopriming 
developed to reduce the huge cost of osmopriming. Instead of liquid here solid 
osmoticum is used like coal, sawdust, charcoal, etc. (Paparella et  al. 2015). 
Chemopriming involves priming with chemical agents like salicylic acid, gibberel-
lic acid, selenium, zinc sulphate, copper sulphate, sodium selenite, etc. (Hamayun 
et al. 2010; Moulick et al. 2018a, b, c). Thermopriming involves temperature treat-
ment which has been reported to improve germination rate and percentage under 
adverse environmental conditions (Paparella et  al. 2015). Besides this system of 
classification, different people have used different terminologies for classification 
based on the agents used like hormonal priming (priming with plant hormones) and 
redox priming (priming with ROS molecules).

Hameed et al. (2010) reported that priming the wheat seeds with ions, hormones, 
organic compounds and antioxidants increases the seed performance capacity 
against salt stress, whereas priming tomato cultivars with polyamines enhances the 
germination and seedling growth (Afzal et al. 2009). Application of salicylic acid 
(hormonal priming) and paclobutrazol in maize plants also decreased the impact of 
drought stress on growth and yield (Bayat and Sepehri 2012). Combination of 
5-aminolevulinic acid (ALA) and drought treatment enhanced antioxidant enzyme 
activity and decreased ROS activity in cucumber under drought stress (Li et  al. 
2011). Application of ALA in low concentration alleviated the physiological 
changed in Brassica napus under salinity stress (Naeem et al. 2012). Seed priming 
of Salicornia utahensis with growth regulators like thiourea, kinetin, fusicoccin and 
ethephon improved salt tolerance capacity (Gul and Khan 2003). Under drought 
stress Agropyron elongatum seed priming with abscisic acid (ABA) and gibberellin 
(GA) induced CAT and SOD activities (Eisvand et al. 2010).

Under drought stress, priming wheat seeds with sodium silicate and ascorbic 
acid enhanced germination and early seedling growth (Hameed et al. 2013; Ahmed 
et al. 2016; Farooq et al. 2012; Jafar et al. 2012). Barley seed priming with polyeth-
ylene glycol at four osmotic potential levels (0, −7, −10 and − 14 MPa) increased 
germination rate and seedling growth under drought stress at 0, −3, −6 and − 9 MPa 
(Rouhollah Amini 2013). In this process, stored proteins are solubilised and lipid 
peroxidation activity is reduced. Antioxidant activities and osmolyte accumulation 
are increased through better metabolic processes (Jafar et al. 2012; Delavari et al. 
2010). Similar results were also reported in rice, rapeseeds and basil under drought 
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stress (Goswami et al. 2013; Zheng et al. 2016; Kubala et al. 2015; Farahani and 
Maroufi 2011; Srivastava et al. 2010; Zheng et al. 2016). In soybean and sunflower, 
seed priming with KNO3 (osmopriming) increased seed germination rate, seedling 
growth and proline accumulation under salinity stress (Ahmad et al. 2012; Bajehbaj 
2010). Application of exogenous spermidine ameliorated salt stress in indica rice 
varieties (Roychoudhury et  al. 2011). Under drought condition, spermidine 
increased seed germination of white clove (Li et al. 2014) with an enhanced antioxi-
dant enzyme activity and lower accumulation of ROS molecule and malondialde-
hyde (MDA) content.

Seed priming with H2O2 or hydrogen peroxide (redox priming) showed better 
performance than priming with mannitol in Cakile maritima which was evident 
from lower accumulation of oxidative stress biomarkers and higher accumulation of 
antioxidant enzyme activity (Ellouzi et al. 2017). In redox priming method, thio-
urea, a thiol compound, helped in maintaining the integrity as well as function of 
mitochondria in Brassica juncea seeds, exposed to drought stress (Srivastava et al. 
2009).

Selenium priming (chemical priming) of wheat seed was found effective in seed-
ling growth and biochemical changes under water limitation condition (Nawaz et al. 
2013). In maize, seed priming with zinc sulphate (ZnSO4) and copper sulphate 
(CuSO4) (chemical priming) significantly increased the Zea mays L. caryopses 
under drought stress (Foti et al. 2008). Triticale seed priming with monopotassium 
phosphate (KH2PO4) increased seed germination percentage and seedling growth 
under both osmotic stresses (salt and drought) (Yagmur and Kaydan 2008). Another 
important chemical primer, paclobutrazol, has a significant role in periwinkle 
(Catharanthus roseus) in terms of antioxidant system under salinity stress (Jaleel 
et al. 2007). Application of choline to rice seeds increased salinity tolerance capac-
ity in terms of photosynthetic ability, growth and accumulation of glycinebetaine 
(Su et al. 2006; Cha-um et al. 2006).

Melatonin priming of faba bean seeds increased salt tolerance capacity in plants 
incorporated to salt stress (Dawood and EL-Awadi 2015). Green gram seed priming 
with β- aminobutyric acid reduced MDA content and increased antioxidant defence 
mechanism (Jisha and Puthur 2016). Seed priming with exogenous spermidine and 
gibberellic acid alleviated salt stress in tomato and black glutinous rice seedlings 
(Hu et al. 2012; Saleethong et al. 2013; Chunthaburee et al. 2014). Under drought 
stress exogenous spermidine application alleviated drought stress in white clove 
through stimulation of antioxidant defence mechanism. Exogenous application of 
melatonin enhances plants ability to cope with different abiotic stresses like drought, 
high temperature, radiation, chemical stress and salinity (Li et  al. 2012a, b; Wei 
et  al. 2014; Zhang et  al. 2015). Whereas,  exogenous application of spermine in 
soybean seeds alleviated drought stress by increasing antioxidant activity and 
decreasing lipid peroxidation level (Radhakrishnan and Lee 2013). Application of 
exogenous nitric oxide in terms of sodium nitroprusside (SNP as nitric oxide donor) 
improved seed germination in wheat under salinity stress (Zheng et al. 2009). 
Alfalfa seed priming by hydrogen sulphide (sodium hydrosulphide, as H2S donor) 
increases salt tolerance by reducing oxidative damage and enhancing seed germina-
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tion percentage as well as antioxidant metabolism (Wang et al. 2012). Seed priming 
mitigation by ultraviolet light (UV-C) of range 200–280 nm decreased salt stress 
effect in lettuce seeds in terms of plant growth, accumulation of phenolic com-
pounds and antioxidant properties (Ouhibi et al. 2014).

1.2  Seedling Pretreatment

Initial treatment before onset of stress pre-induces various physiological, biochemi-
cal and molecular changes for better adaptation to stress. A lot of studies showed 
that initial treatment or priming with appropriate levels of chemicals (organic/inor-
ganic) enhances tolerance by modulating various physiological processes such as 
photosynthesis and by modulating multiple stress-responsive pathways such as the 
reactive oxygen species (ROS) and methylglyoxal (MG) detoxification pathways. 
Wheat (Hasanuzzaman et  al. 2011) and rice (Corpas et  al. 2011) plants showed 
enhanced tolerance towards salinity stress after giving sodium nitroprusside pre-
treatment for 24 h through enhanced induction of antioxidative defence. Similar 
observation was observed when roots of orange plants (Tanou et al. 2009), maize 
(de Azevedo Neto et al. 2005) and rice (Uchida et al. 2002) were pretreated with 
H2O2. Initial exposure of H2O2 in seedlings stage enhances tolerance towards salin-
ity and drought through the modulation of various physiological processes (de 
Azevedo Neto et al. 2005; Chao et al. 2009; Liu et al. 2010). Seven-day-old mung 
bean seedlings (Hossain et al. 2011) and barley (Cuin and Shabala 2005) pretreated 
with proline or betaine showed an increase in GSH (reduced glutathione) and other 
similar metabolite contents along with antioxidative enzyme activities; potassium 
efflux hence decreased oxidative stress damage posed by salinity stress in a syner-
gistic fashion.

Pretreatment with salicylic acid increases the tolerance in wheat (Kang et  al. 
2013), barley (El-Tayeb 2005) and bean and tomato plants (Senaratna et al. 2000). 
Spermine treatment in Cucumis sativus also alleviates oxidative stress induced by 
salt stress, rendered with improvement in photochemical efficiency of PSII (Shu 
et al. 2013). Silicon (Si), the second abundant element in soil, has been found to 
alleviate salinity stress after pretreatment in Sorghum (Liu et  al. 2015), barley 
(Liang et al. 2006), rice (Gong et al. 2006), wheat (Saqib et al. 2008) and cucumber 
(Zhu et al. 2004). Alleviation of oxidative damage modulated by L-arginine was 
observed after pretreatment in sunflower (Nejadalimoradi et  al. 2014) and rice 
(Kakkar et al. 2000). Polyamine pretreatment has often been applied to ameliorate 
the detrimental effects of salinity in maize (Pandolfi et  al. 2010). Mitigation of 
NaCl-induced K+ flux was also observed in barley roots after pretreatment with 
amino acids (Cuin and Shabala 2007). Methyl jasmonate and jasmonic acid are col-
lectively known as jasmonates which are involved in diverse developmental pro-
cesses such as root growth, fruit ripening, fertility and senescence (Creelman and 
Mulpuri 2002). The role of methyl jasmonate in mitigating NaCl- induced salinity 
stress on soybean was observed along with enhancement in endogenous level of 
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ABA and proline level (Yoon et al. 2009). Uses of phytohormones (indole-3-acetic 
acid, IAA; gibberellic acid GA3; and kinetin Kin) in restoring the metabolic altera-
tion caused by oxidative stress generation due to salt stress were investigated in 
Vigna radiata. The mitigation effects under salinity conditions were also observed 
when seedlings of Malus hupehensis were pretreated with melatonin, a low molecu-
lar weight molecule similar to indole acetic acid in functions (Li et al. 2012a, b).

Amelioration of drought-induced damages is also minimised by pretreatment 
with foliar application of glycine betaine (GB) in wheat plants (Ma et al. 2006). It 
mainly protects the PSII complex, which means GB enhance the photoinhibition 
tolerance of PSII.  Improvement of yield under stress conditions is another prime 
goal for researchers since a long time. Foliar application of boron as a pretreatment 
in wheat enhanced yield grown under drought conditions (Abdel-Motagally and 
El-Zohri 2016). The selenium pretreatment boosted the metabolite and antioxida-
tive defence system under drought stress conditions in rapeseed seedlings 
(Hasanuzzaman et  al. 2011). Exogenously pretreated salicylic acid alleviated 
drought stress in Nigella sativa (Kabiri et al. 2014), maize (Saruhan et al. 2012) and 
wheat (Horváth et al. 2007). Brassinosteroids have been used to increase the toler-
ance capacity in Chorispora bungeana and tomato to drought stress. Malondialdehyde 
content, membrane permeability and proline content were less increased in EBR- 
pretreated plants under drought stress (Li et al. 2012a, b; Damghan 2009). The foliar 
application of 5-aminolevulinic acid (ALA) in cucumber leaves before onset of 
drought stress confers lower damage induced by oxidative stress by altering antioxi-
dative enzyme activities (Li et al. 2011).

2  Future Prospects

Salinity and drought induces adverse effects on various field crops and hence are the 
most sought after research topic fetching attention of experts from around the globe. 
Besides inhibiting growth and reducing yield, these two abiotic stresses have per-
haps the most sound impact on economy too. Several mitigation options have been 
investigated and reported in this direction. Among the mitigation options tried so 
far, breeding of tolerant varieties (conventional), generation of transgenic varieties, 
water management processes (alternating drying and wilting), soil health monitor-
ing and adequate management as well as various agronomic practices are also tried 
side by side. Now, keeping an eye in future and remaining in vigil to climate change 
scenario, a comprehensive or integrated stress management system should be cho-
sen. In such integrated crop management system, a continuous monitoring and ade-
quate remedies  like seed priming/pre-treatment should be prescribed according 
to regional preferences. Besides these, local, regional and international funding or 
governing body(s) should try to merge the gaps that  exists among the various 
research groups or institutions working in a similar or closely related areas, and 
bringing them under the same roof will definitely smoothen the way ahead.
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Abstract Abiotic stresses are the most important limiting factors for crop produc-
tivity worldwide in the wake of climatic change. Among the various kinds of abiotic 
stresses, chilling is one of the important components that limit the growth and final 
productivity of field crops. Chilling-induced adversities in plant growth and yield 
mainly occur due to physical and biochemical damages, physiological alterations, 
and molecular disruptions. Several management approaches are being tested in 
reducing the detrimental impacts of chilling stress. Seed priming can be a good 
approach to overcome the negative effects of the chilling stress in different crops. 
Primed seeds show increased germination rates and better seedling establishment 
which result in high level of chilling stress tolerance and vigorous plant growth. 
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This chapter provides an overview of physiological, morphological, and biochemi-
cal responses of crops to chilling stress and highlights the role of seed priming in 
augmenting chilling tolerance in crop plants.

Keywords Seed priming · Chilling tolerance · Crop plants · Morphophysiological 
growth

Abbreviations

ABA Abscisic acid
APX Ascorbate peroxidase
AQP Aquaporin
But Butenolide
CAT Catalase
Ct Chitosan
GA3 Gibberellic acid
H2O2 Hydrogen peroxide
KNO3 Potassium nitrate
LEAs Late embryogenesis abundant proteins
PAs Polyamines
PB Plant biostimulants
PEG Polyethylene glycol
POD Peroxidase
Put Putrescine
ROS Reactive oxygen species
SMP Solid matrix priming
SOD Superoxide dismutase

1  Introduction

Crop plants often face various types of abiotic stresses during their life cycle under 
natural environments which pose detrimental effects on crop growth and productiv-
ity (Hussain et al. 2016a, 2018a). Among various abiotic stresses, suboptimal tem-
perature is the major limiting factor for the crop growth, development, and 
productivity. In temperate climates, chilling temperatures lead to a significant 
reduction or complete failure of crop due to either direct damage or delayed matura-
tion (Lukatkin et al. 2012). During early growth phase, chilling stress inhibits seed 
germination and disrupts plant growth and developmental processes (Allen and Ort 
2001), while during reproductive phase of plants, low-temperature exposure delays 
heading, causes pollen sterility, and ultimately leads to a significant loss in crop 
yields (Suzuki et al. 2008). Previously, several researchers have demonstrated the 
detrimental influence of chilling on growth and development of rice (Oryza sativa) 
(Wang et al. 2016; Hussain et al. 2016a, b), cotton (Gossypium hirsutum L.) (Zhao 
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et al. 2012), potato (Solanum tuberosum) (Svensson et al. 2002), tomato (Solanum 
lycopersicum L.) (Starck et al. 2000), sugarcane (Saccharum officinarum) (Thakur 
et al. 2010; Zhu et al. 2013), and muskmelons (Cucumis melo) (Wang et al. 2004).

Due to its thermophilic nature, chilling stress induces shoot water deficit and 
reduces the water uptake by the plant roots (Stewart et al. 1990). It also weakens the 
kinetics of several metabolic and physiological processes in crop plants (Ruelland 
et al. 2009). Yan et al. (2012) observed that the low temperatures may reduce the 
rates of nutrient uptake that, in turn, limit the plant growth. Induction of the oxida-
tive stress is also an indicator for the harmful impacts of chilling on crop plants 
(Hussain et al. 2016a). A large amount of ROS is produced in plant cell under chill-
ing stress conditions which trigger lipid peroxidation rate in cellular membranes 
(Gill and Tuteja 2010; Chen et al. 2015). However, plant antioxidative defense sys-
tem plays a pivot role in ameliorating the negative effects of chilling-induced ROS 
production (Wang et al. 2016; Hussain et al. 2016a, b). Various researchers have 
reported that higher antioxidant activities under chilling conditions were concomi-
tant with stress tolerance in maize (Zhang et al. 1995; Hodges et al. 1997; Prasad 
1997; Taka 2004), rice (Kang and Saltveit 2002a; Huang and Guo 2005; Hussain 
et  al. 2016a, b), tobacco (Deng et  al. 2012), and cucumber (Kang and Saltveit 
2002b) cultivars.

In recent years, seed priming has appeared as an effective, easy, and adoptive 
approach to improve the seedling emergence, vigor, and stress tolerance capability 
of many field crops (Jisha et al. 2013; Hussain et al. 2015; Hussain et al. 2018a, b). 
A plenty of studies have advocated the beneficial effects of various seed priming 
methods (such as hydropriming, hormonal priming, osmopriming/osmo- 
conditioning, chemical priming, nutri-priming, and redox priming) under chilling 
stress in different field crops (Jisha et al. 2013; Paparella et al. 2015; Hussain et al. 
2016a, b, 2018a). Primed seeds showed vigorous head start and enhanced tolerance 
to abiotic stresses principally due to osmotic adjustment, well-developed embryo, 
efficient energy metabolism, quicker cellular defense responses, and enhanced 
enzyme activation (Jisha et  al. 2013). Moreover, seed priming-evoked enhance-
ments in plant antioxidative defense system have also been well-documented 
(Khaliq et  al. 2015; Zheng et  al. 2016; Hussain et  al. 2016a, b). Under chilling 
stress, seed emergence and plant growth were significantly enhanced by combined 
priming with hydrogen peroxide (H2O2) and salicylic acid (SA), which was closely 
related with the suppression of ROS accumulation and regulation of hormonal 
metabolism, energy supply, and accumulation of metabolites (Li et al. 2017). Xu 
et al. (2011) stated that seed priming treatments enhanced tobacco (Nicotiana taba-
cum L.) germination and subsequent growth under chilling stress owing to activa-
tion of plant antioxidant defense system. Likewise, seed priming triggered the speed 
and rate of germination in maize and improved seedling growth under chilling con-
ditions (Guan et al. 2009). Elkoca et al. (2007) suggested the hydro- and osmoprim-
ing in chickpea for better germination and strong growth of seedling under chilling 
stress. This chapter provides an overview of the impacts of chilling stress on physi-
ological, morphological, and biochemical responses in field crops and discusses the 
role of seed priming in enhancing chilling tolerance in crop plants.
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2  Responses of Field Crops to Chilling Stress

Crop plants need an optimum temperatures limit for the proper growth and better 
development. Chilling stress inflicts detrimental effects on plant growth; however, 
such effects may vary with the severity of stress and the specific growth stage of 
crops. Effects of chilling on morphological growth, yield and yield attributes, and 
physiological and biochemical responses in different crops are discussed below.

2.1  Morphological Growth and Yield

Every crop has an optimum temperature range for proper growth and development; 
nevertheless, suboptimal temperature badly distresses the normal growth and asso-
ciated metabolisms in plants (Hasanuzzaman et al. 2012; Kumar et al. 2013; Khan 
et al. 2017). Previously, a plenty of studies have indicated that chilling adversely 
affected the uniformity and rate of germination, reduced the seedling vigor, and 
delayed the development stages of crops, which resulted in severe reductions in 
seed yields (Kang and Saltveit 2002a; Cruz and Milach 2004; Oliver et al. 2007; 
Cheng et al. 2007; Ruelland et al. 2009, Hussain et al. 2018a). Moreover, leaf growth 
as well as shoot development strongly depends on the optimum temperature; subop-
timal temperature slows down the leaf initiation rate resulting in reduced leaf num-
ber (Warrington and Kanemasu 1983). Low temperature may decrease the rate of 
both cell elongation and division; therefore, smaller leaf area under low temperature 
fails to support the requisite growth of plant (Ben-Haj-Salah and Tardieu 1995). 
During reproductive phase, chilling induces the pollen sterility, flower abscission, 
distortion of pollen tube, ovule abortion, and poor fruit set, which eventually 
decreases seed yield (Thakur et al. 2010). Chilling stress affects the growth of the 
root system, root branching, and its dry weights, finally reducing the root surface 
area for uptake of the water and nutrients (Cutforth et al. 1986; Richner et al. 1996; 
Hussain et al. 2018a). Kaspar and Bland (1992) stated that the root length is more 
susceptible to chilling stress than root dry weight. Furthermore, aboveground 
growth of the plants is also inhibited by the insufficient root development under 
chilling stress (Richner et al. 1996; Hussain et al., 2016a, b). Farooq et al. (2009) 
stated that less root branching, lower hydraulic conductance, thicker root axis, and 
reduced root length under chilling stress lead to the significant reductions in plant 
nutrient uptake. In a series of laboratory and field experiments, it was found that 
chilling stress (18 °C or below) adversely affected the growth of newly established 
seedlings and upset the associated metabolic and physiological processes in rice 
(Oryza sativa L.) (Wang et al. 2016; Hussain et al. 2016a, b). In temperate growing 
areas, cold stress is responsible for reasonable yield reduction (30–40%) in rice 
because of panicle distortion and spikelet sterility (Andaya and Mackill 2003). In 
the grain crops, low temperature during vegetative stage causes growth inhibition, 
chlorosis, wilting, and necrosis (Janowiak et al. 2002), while during reproductive 
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phase, it induces pollen sterility, flower abscission, abortion of ovule, and poor fruit 
set and hence reduces the final grain yield (Thakur et al. 2010; Hussain et al. 2018a). 
Clarke and Siddique (2004) and Nayyar et al. (2005) reported that chilling stress 
during reproductive stage of chickpea caused flower abortion and poor pod develop-
ment. In wheat (Triticum aestivum L.), low-temperature exposure at jointing and 
booting stages significantly declined the number of productive tillers and spikes 
(Thakur et al. 2010; Li et al. 2015). Conclusively, chilling stress harmfully affects 
the growth and yield and yield attributes of field crops as the outcome of stress- 
induced alterations in metabolic and physiological activities and corresponding 
adverse consequences for plant reproductive organs.

2.2  Physiological and Biochemical Responses

Under chilling stress, photosynthesis is one of the major biochemical functions 
which in turn hinders the plant growth and limits the final productivity (Khan et al. 
2017). The exposure of low temperature decreased the CO2 assimilation, photosyn-
thesis, chlorophyll contents, and transpiration rates because of the reduced ATP 
synthase activity, which further limited the Rubisco regeneration and restricted the 
photophosphorylation (Allen and Ort 2001; Yordanova and Popova 2007). In plants, 
important physiological functions such as photosynthesis and respiration are more 
susceptible to chilling stress (Yadav 2010; Hussain et al. 2016a). Cold temperatures 
decrease the capacity and efficacy of photosynthetic apparatus because of changes 
in gases exchange attributes, poor chloroplast development, and reduced chloro-
phyll synthesis (Hussain et al. 2018a). Low temperature declines the chlorophyll 
fluorescence and enhances the flux reaction that regulates oxidative damage in 
plants (Khan et al. 2017). Moreover, it severely disrupts the electron transport in 
thylakoid and restricts the stomatal conductivity (Allen and Ort 2001). The higher 
ROS accumulation under chilling stress is highly toxic to metabolic and cellular 
functions in plants because of damage to proteins, DNA, lipids, carbohydrates, and 
cellular membranes (Gill and Tuteja 2010). Under excessive ROS generation, the 
perturbation of mitochondrial and chloroplastic metabolism results in reduced res-
piration and poor energy supply to growing tissues of plants (Taylor et al. 2002). 
Cold temperature negatively affected the activities of enzymes and altered the mem-
brane properties leading to tissue necrosis (Chinnusamy et al. 2007). In soil, tem-
perature may affect the physicochemical and biological processes which influence 
nutrient availability and in turn affect the uptake of nutrients by plants (Hussain and 
Maqsood 2011). Moreover, low temperature slows down the rate of carbon dioxide 
fixation and restricts the supply of NADP+ (Wise 1995). Low temperature reduced 
the water content in shoot of maize by significant reductions in the uptake of water 
by roots instead of transpiration rate (Janowiak and Markowski 1994). Aroca et al. 
(2003) stated that cold-induced reductions in vapor pressure deficit between atmo-
sphere and leaf surface reduced water uptake by the roots and transpiration rate. 
Generally, the cold-sensitive plants exhibit drought stress symptoms under chilling, 
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which mainly occur due to poor hydraulic conductivity of roots followed by loss of 
turgor pressure and reductions in leaf water potential (Aroca et al. 2003).

3  Seed Priming: A Viable Option to Enhance Chilling 
Tolerance in Crop Plants

Seed priming could be a crucial and facile technique in increasing seed germination, 
enhancing vigor, and improving stand establishment of crop plants under various 
abiotic stresses (Zhang et al. 2006; Casenave and Toselli 2007; Paparella et al. 2015; 
Wang et al. 2016; Zheng et al. 2016; Li et al. 2017; Hussain et al. 2018a, b). Seed 
priming is a pre-sowing treatment which encompasses the control hydration of seed 
for commencement and regulation of pre-germinative metabolic processes (Hussain 
et al. 2015) such as protein synthesis, as well as synthesis and repair of DNA and 
mitochondria (Paparella et al. 2015). Several studies have reported that seedlings 
emerged from the primed seeds showed greater vigor and performed well under 
chilling stress (Jisha et al. 2013; Wang et al. 2016; Hussain et al. 2016a, b). Priming 
treatments enhance the shoot and rooting frequency of seedling, improve vigor 
index, and ultimately increase crop yields (Paparella et  al. 2015; Hussain et  al. 
2018a). Currently, different priming treatments have been used in different plant 
species such as hydropriming (using distilled water), hormonal priming, chemical 
priming, osmopriming (using osmotic solutions), redox priming, solid matrix prim-
ing, and biological priming (Jisha et al. 2013; Hussain et al. 2015; Paparella et al. 
2015; Wang et al. 2016). These techniques are being used to accelerate the seed 
germination, increase vigor and uniformity of seedling establishment, enhance veg-
etative growth, and improve the economic yield in different field crops such as 
wheat (Iqbal and Ashraf 2007; Jisha et  al. 2013), maize (Foti et  al. 2008), rice 
(Khaliq et  al. 2015; Wang et  al. 2016), cotton (Casenave and Toselli 2007), and 
chickpea (Kaur et al. 2002). However, the efficacy of seed priming varies with prim-
ing agent (compounds), crop species, and severity of stress (Jisha et al. 2013).

3.1  Hydropriming

Hydropriming has been proposed as a safe, simple, and inexpensive technique for 
improving the capacity of seed for osmotic adjustment, faster germination, better 
stand establishment, vigorous vegetative growth, and higher crop productivity under 
adverse environmental conditions (Harris et al. 1999; McDonald 1999; Kaur et al. 
2002; Elkoca et al. 2007; Jisha et al. 2013). In hydropriming, the seeds are soaked 
in the sterilized distilled water kept at optimal temperature (25 °C), and duration of 
priming is adjusted by controlling imbibition of seed during germination (Kaya 
et al. 2006; Jisha et al. 2013). In hydropriming, the beneficial fact of priming is the 
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augmentation of physiological and biochemical events in seed even when the ger-
mination is postponed by negligible matric potential and lower osmotic potential of 
seed (Jisha et  al. 2013). In addition, the decreased viscosity of protoplasm of 
hydroprimed seeds leads to greater permeability of water and nutrients (Thomas 
et al. 2000; Jisha et al. 2013). In hydropriming, better germination and improved 
seedling growth is associated with greater uptake of water by the primed seeds 
(Yagmur and Kaydan 2008). Abebe and Modi (2009) recommended hydropriming 
as a safe, simple, and economical method for vigorous seed germination and better 
seedling establishment in different grain crops. Hydropriming was observed to be 
the most effective technique for mustard and barley seeds (Ajouri et  al. 2004; 
Srivastava et  al. 2010). In semiarid tropics, on-farm priming technique has been 
shown to improve the germination, better stand establishment, and higher grain 
yield in maize (Jisha et al. 2013). Hydropriming decreased the ceiling temperature 
and optimal temperature for seed germination and played a role in decreasing ger-
mination time and increasing final emergence in maize (Finch-Savage et al. 2004). 
Posmyk and Janas (2007) reported that hydropriming along with exogenously 
applied proline can be used as an effective strategy for enhancing germination, 
stand establishment, and seedling growth of Vigna radiata L. (mung bean) under 
chilling stress. In rice, effectiveness of hydropriming in enhancing chilling toler-
ance was also reported by Wang et al. (2016) and Hussain et al. (2016a, b).

3.2  Osmopriming

Osmopriming is the soaking of seeds in well-aerated solutions with low water poten-
tial in order to control the extent and rate of imbibitions (Bradford 1986; Chen and 
Arora 2011). Osmopriming is bit like a prolonged early seed imbibition that leads to 
a steady progression of several pre-germinative metabolic processes. For the prepa-
ration of solutions with low water potential, a number of chemicals are being used. 
For instance, polyethylene glycol (PEG) is usually used because of its nontoxic 
behavior and large molecular size, which reduce the water potential without entering 
in the seeds during soaking period (Thomas et  al. 2000; Chen and Arora 2011; 
Zheng et  al. 2016). Many other types of the chemicals such as KH2PO4, KNO3, 
K3PO4, KH2PO4, KCl, CaCl2, NaCl, MgSO4, and mannitol are also used for this 
purpose (Farooq et al. 2009; Jisha et al. 2013; Zheng et al. 2016). Osmopriming is 
technically, economically, and methodologically more efficient as compared to 
hydropriming, because osmotic primed seeds are produced more easily, and offers 
better stand establishment and ultimately higher yield (Jett et al. 1996; Foti et al. 
2008; Moradi and Younesi 2009; Jisha et al. 2013). Increasing evidence suggest that 
osmopriming enhanced the tolerance of germinating seeds against different abiotic 
stresses including chilling stress (Iqbal and Ashraf 2007; Elkoca et al. 2007; Farooq 
et  al. 2009; Chen et  al. 2010; Chen and Arora 2011). Better maintenance of the 
plasma membrane structure in osmoprimed seeds was noted as compared to 
hydropriming, which ultimately resulted in better germination owing to longer and 
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controlled hydration of seeds (Jett et al. 1996; Jisha et al. 2013). Seed priming with 
PEG enhanced the germination potential of the seeds, strengthening the antioxidant 
system, and ultimately resulted in greater stress tolerance in the germinating seeds 
(Chen and Arora 2011; Hussain et al. 2015; Zheng et al. 2016). Osmopriming with 
PEG (−0.5  MPa) for 24  h resulted in better and faster germination of chickpea 
(Cicer arietinum L.) under low temperature (Elkoca et al. 2007). Moreover, increased 
number of roots, greater root length, and higher fresh and dry weights were recorded 
in primed seeds than nontreated seeds (Elkoca et al. 2007). Pre- sowing seed treat-
ments changed the pattern of calcium and nitrogen concentrations in seeds and 
newly developed seedling, which were associated with enhanced activities of 
α-amylase (Farooq et al. 2009). Osmopriming with KNO3 effectively improved the 
uniformity and rate of seedling and seedling vigor index in sorghum (Sorghum 
bicolor) and sunflower varieties (Kaya et al. 2006; Moradi and Younesi 2009).

Polyamines (PAs) priming was effective in enhancing the tolerance against low- 
temperature stress in sessile plants (He et al. 2002; Nayyar 2005; Cuevas et al. 2008; 
Alcazar et al. 2010; Kovacs et al. 2010; Xu et al. 2011), preventing chlorophyll loss 
(Besford et al. 1993), and inhibiting the activities of protease and RNase (Altman 
2006). Among the different types of polyamines, spermine (Spm), putrescine (Put), 
and spermidine (Spd) are more associated with abiotic stress tolerance in plants 
(Martínez-Tellez et al. 2002; He et al. 2002; Xu et al. 2011; Zheng et al. 2016). Put 
accumulation could alleviate the chilling injury in different plant species, such as 
chickpea (Cicer arietinum) (Nayyar 2005) and maize (Zea mays L.) (Gao et  al. 
2009) by the enhanced activities antioxidants such as SOD, POD, CAT, and APX 
(Xu et al. 2011; Khaliq et al. 2015).

3.3  Chemical Priming

Chemical seed priming is an efficient and rapidly emerging field in modern stress 
management (Xu et al. 2011; Savvides et al. 2016). Plants treated with different 
chemical agents (natural and synthetic compounds) prior to stress events showed 
greater tolerance when exposed to stress conditions (Savvides et al. 2016). Chemical 
seed priming may also be reported as a cost-effective methodology with low cost- 
benefit ratio (CBR) if applied in crop stress management (Savvides et al. 2016). A 
number of chemicals compounds were used to bring about priming in different field 
crops under different abiotic stress conditions such as ethanol, butenolide (But), 
paclobutrazol, selenium, Put, and chitosan (Shao et al. 2005; Jain et al. 2006; Foti 
et al. 2008; Guan et al. 2009; Hasanuzzaman et al. 2010; Xu et al. 2011; Demir et al. 
2012; Khaliq et al. 2015; Hussain et al. 2016a, b).

Butenolide (But) has been shown to improve the emergence and seedling growth 
of Capsicum annum L. (sweet pepper) (Demir et al. 2012). Jain et al. (2006) recom-
mended the beneficial aspects of priming for reducing the effects of cold stress in 
tomato seeds. Chitosan is a large cationic polysaccharide, also used as priming 
agents in different plants. In maize, seed priming using chitosan (0.50%) enhanced 
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the speed of germination, increased seedling growth, and furnished better stand 
establishment under low-temperature stress conditions (Guan et  al. 2009). In 
groundnut (Arachis hypogaea L.), chitosan priming increased the activities of 
lipases and levels of gibberellic acid and indole acetic acid (Zhou et al. 2002; Rakesh 
et al. 2017). Xu et al. (2011) demonstrated that, in tobacco, Put priming can enhance 
the cold tolerance during early germination by the regulation of antioxidant defense 
system in plant cells. Hussain et al. (2016a, b) while studying on rice reported that 
selenium priming effectively increased the chilling tolerance by enhancing the res-
piration rate, regulating starch metabolism, decreasing oxidative damage, and aug-
menting antioxidative defense system.

3.4  Hormonal Priming

Better seed performance can also be achieved by the inclusion of plant growth hor-
mones and regulators as pre-sowing seed treatments (Lee et al. 1998; Hamza and 
Suggars 2001). Abscisic acid (ABA) is a plant hormone widely reported to be 
involved in response to different abiotic stresses such as cold and osmotic stress 
(Devinar et al. 2013; Fahad et al. 2015). In Brassica juncea (Indian mustard), ABA 
priming was effective in increasing the germination rate and subsequent growth as 
compared to non-ABA-treated seeds (Srivastava et  al. 2010). In Brassica napus, 
seed priming with ABA showed the earlier and faster germination with respect to 
nontreated seeds during low-temperature (8  °C) conditions (Gao et  al. 2002). 
Various other studies on rice and wheat have revealed the efficacy of different seed 
priming compounds such as GA3, SA, ascorbic acid (AA), and kinetin in enhancing 
the tolerance against chilling stress (Singh and Usha 2003; Khan et al. 2011; Hussain 
et al. 2016a, b). Sakhabutdinova et al. (2003) documented that hormonal priming in 
wheat may also maintain the levels of cytokinin and auxin in plant tissues, which 
may regulate the rate of cell division.

3.5  Nutri-priming

Seed priming with limiting nutrients is a very useful, indispensable, and cost- 
effective technique to improve early plant growth in various field crops (Ros et al. 
2000; Jisha et al. 2013). Nutri-priming combines the beneficial effects of priming 
with improved essential nutrients supply to the plants (Al-Mudaris and Jutzi 1999; 
Arif et al. 2007), and increasing evidence also suggest that plant mineral nutrient 
status plays a crucial role in augmenting plant tolerance against various abiotic 
stresses (Marschner 1995). Seed priming with Zn increased final seed yield in wheat 
and chickpea (Yilmaz et al. 1998; Arif et al. 2007; Rehman et al. 2018), while in 
barley, priming with 10 mM Zn and 50 mM P enhanced the germination as well as 
seedling growth (Ajouri et  al. 2004). In maize (Z. mays), seed priming with 1% 

Seed Priming Toward Enhanced Chilling Tolerance in Field Crops: An Overview



274

ZnSO4 improved the plant vegetative growth and increased the final grain yield and 
grain-Zn contents (Harris et al. 2007). Likewise, Foti et al. (2008) stated that seed 
priming with ZnSO4 and CuSO4 in maize significantly increased the seed emer-
gence and final caryopses germination by 29 and 43%, respectively. Seed treatment 
with KH2PO4 showed great potential to improve the germination percentage, seed-
ling emergence, and plant growth of winter wheat (Ghana and Schillinger 2003). 
Recently, Imran et al. (2013) discussed that in maize seeds, nutrient priming with 
Zn + Mn and Fe significantly enhanced the concentrations of these nutrient ele-
ments (Fe, Zn, and Mn) in seed. Moreover, significant increases in root length and 
shoot and root fresh biomass (60–70%) were recorded under the influence of Fe and 
Zn + Mn seed treatments as compared with hydropriming (Imran et al. 2013).

3.6  Redox Priming

Redox state of cell is a key indicator regulating the major processes in plant growth, 
development, and tolerance against abiotic stresses (Miao et al. 2006; Miller et al. 
2009). In reply to any external stimuli, a plant adjusts its redox state; however, the 
extent of such change is dependent on stimulus nature and dose and the time to 
which the tissues of the plants are exposed to these stimuli (Miller et  al. 2009; 
Suzuki et al. 2012). In wheat and mustard, pre-sowing seed treatments and foliar 
spray with thiol compounds and thiourea (bioregulatory molecule) could upsurge 
the stress tolerance of the seedlings and increase the crop yield (Sahu et al. 2005). 
In plants, ROS and RNS (such as H2O2and NO) are involved in plant stress responses 
(including cold responses) (Neill et al. 2003; Hancock et al. 2011). Seed priming 
with H2O2 (1.5 mM) was recorded to improve the tolerance of Capsicum annum 
against chilling stress (Yadav et al. 2011). In B. juncea, combination of H2O2 with 
24-epibrassinolide (24-EBL) enhanced the cold tolerance by regulating the activi-
ties of different enzymes of plant antioxidative defense system like CAT, SOD, and 
APX (Manish et  al. 2010). In pearl millet (Pennisetum glaucum L.), faster seed 
germination and higher seedling vigor because of seed treatment with NO donors 
(2-nitroso-1-naphthol, sodium nitroprusside, and nitroso-R-salt) was observed by 
Manjunatha et al. (2008). H2O2 could play a role as signaling molecule in the start 
of germination process and is involved in specific changes at the transcriptomic, 
hormonal, and proteomic levels (Barba-Espın et  al. 2012; Macovei and Tuteja 
2013). Glutathione (low molecular mass antioxidant) is a major compound in plant 
antioxidant system and contributes in cellular redox signaling systems that affect 
plant growth and defense (Maughan and Foyer 2006). Moreover, in sunflower 
(Helianthus annuus L.), priming with antioxidant substances solutions like tocoph-
erol, AA, and glutathione increased the seed vigor under chilling stress (Draganić 
and Lekić 2012).
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3.7  Solid Matrix Priming

Solid matrix priming (SMP) encompasses the use of solid and/or semisolid medium 
with a small amount of water (Taylor et al. 1998). This method exploits the physical 
and chemical characters of solid material to limit the uptake of the water by seeds 
(Jisha et al. 2013). During this technique, water is slowly available to seeds leading 
to controlled and slow imbibition and allowing the activation of repair mechanisms. 
Nowadays, a number of solid matrices such as Agro-lig, expanded calcined clay, 
sodium polypropionate gel, exfoliated vermiculite, synthetic calcium silicate, and 
bituminous soft coal are commonly used (Kubik et al. 1988; Jisha et al. 2013). Some 
locally available materials like compost, press mud, volcanic cinder, sawdust, gunny 
bag, and charcoal are also utilized as solid matrices (Lorenzo 1991; Afzal et  al. 
2002). SMP was effective in improvement in seed germination percentage in invig-
orating seeds of soybean (Glycine max) (Mercado and Fernandez 2002). The SMP 
combined with Trichoderma viride (or Captan) was effective for increasing germi-
nation, seedling development, and productivity of okra under low-temperature 
stress (Pandita et al. 2010).

3.8  Biological Priming

Seed priming using beneficial microorganisms is a key component of agricultural 
practices (Timmusk et al. 2014). Use of beneficial microorganisms (e.g., P. chloro-
raphis MA342, C. rosea IK726d11, P. fluorescens CHA0, C. rosea IK726d11) as 
priming agent may ensure better stand establishment, because seed-applied micro-
organisms may establish in root zone of plant and promote the growth and plant 
health (Bennett and Whipps 2008). Biological priming comprises seed coating with 
biocontrol agent (e.g., Pseudomonas fluorescens) followed by hydration under 
warm temperature on moist germination blotters, in moist vermiculite, or in plastic 
bag, and seed is removed prior to radicle emergence (Callan et  al. 1990). In the 
rhizosphere of rice plant, different types of fungi such as mycorrhizal were found to 
increase the accumulation of number of proteins and transcripts and play an essen-
tial role in plant defense system (Barea et al. 1993; Sharmila et al. 2000; Pozo and 
Azcón-Aguilar 2007). In sunflower, biological priming with Pseudomonas fluores-
cens (UTPf86 and UTPf76) enhanced the ability of seedlings to grow uniformly and 
provided vigorous stand establishment (Moeinzadeh et al. 2010). The use of bios-
timulants as organic material to counter the effects of abiotic stresses (such as low 
temperature) is well-recognized (Sharma et  al. 2014; Bulgari et  al. 2014), and 
enhanced growth, development, and crop quality by the use of biostimulants were 
attributed to increase the uptake of nutrients, enhanced nutrient efficacy, and greater 
stress tolerance. Biostimulants consisting of growth-promoting elements include a 
variety of hormones, humic substances, manures, and/or seaweed extracts (Hamza 
and Suggars 2001).
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4  Mechanisms of Seed Priming-Induced Chilling Tolerance

Seed priming regulates several physiological, molecular, biochemical processes in 
plants which contribute to enhanced chilling tolerance (Wojtyla et al. 2016). The 
beneficial effects of seed priming in augmenting stress tolerance and improving 
crop performance in terms of rapid and uniform germination, vigorous seedling 
establishment, higher plant growth, and enhanced yield have been well described in 
several species (Chen et al. 2012a, b; Patade et al. 2012; Jisha et al. 2013; Wojtyla 
et al. 2016). Primed seeds attain the potential to imbibe more rapidly and regulate 
the seed metabolisms, thus improving the rate of germination (McDonald 2000). In 
primed seeds, the increases in seed vigor and germination rate occur mainly due to 
better reserve mobilization, repair mechanisms, activation of enzymes, and increased 
synthesis of RNA and DNA (Nascimento and West 1998; Arif et al. 2008). Primed 
seeds also show enhanced activities of amylases (α-amylase and β-amylase) and 
thus higher sugar accumulation and starch degradation, resulting in higher respira-
tion, germination rate, seed vigor, seedling establishment, and vegetative growth 
than non-primed seeds (Li et al. 2013; Amooaghaie and Nikzad 2013; Zheng et al. 
2009, 2010; Li et al. 2014; Hussain et al. 2016a, b; Wang et al. 2016; Hussain et al. 
2018a). Under low temperature, plants from primed seeds recorded higher tissue 
level of soluble carbohydrates, soluble proteins, and free proline than plants from 
non-primed seeds (Turk et al. 2014; Liu et al. 2011; Hussain et al. 2016a, b). Seed 
priming also persuades the expression of some genes/proteins which are essential 
for cell division. In Arabidopsis seeds, both osmopriming (−0.75 MPa PEG 6000) 
and hydropriming led to the accumulation of α tubulin and β tubulin (tubulin sub-
units) (Gallardo et al. 2001; Kubala et al. 2015).

The ectopic expression of some aquaporin genes (AQPs, e.g., SoPIP2;1) was 
enhanced in primed seeds that also revealed greater tolerance against chilling stress 
(Chen et al. 2013). The transmembrane water transport through overexpression of 
AQPs enhanced the capability of seeds to absorb, transport, and distribute water 
within plant tissues. During imbibition in primed seeds, AQPs-induced increase in 
transport and supply of water for the growing embryo lead to enhanced rate of ger-
mination as well as stress resistance (Chen et al. 2013; Wojtyla et al. 2016). Different 
late embryogenesis abundant proteins (hydrophilic proteins (LEAs) also accumu-
late in response to cell/tissue dehydration under temperature stresses (Dure et al. 
1989; Fahad et al. 2015). Numerous studies have indicated better performance of 
the plants under cold stress owing to upregulation of LEAs in different species 
(Steponkus et  al. 1998; Verslues et  al. 2006; Hundertmark and Hincha 2008; 
Nakayama et al. 2008; Boucher et al. 2010; van Buer et al. 2016). The LEA proteins 
also constitute some cold-responsive proteins, such as cold responsive-15A 
(COR15A; At2g42540), zinc finger of Arabidopsis thaliana-10 (ZAT10; 
At1g27730), phenylammonium lyase (PAL1; At2g37040), and chalcone synthase 
(CHS; At5g13930) (Wilhelm and Thomashow 1993; Baker et al. 1994; Leyva et al. 
1995; Steponkus et al. 1998; Rossel et al. 2007; Beckers et al. 2009; Candat et al. 
2014; Sethi et  al. 2014; van Buer et  al. 2016). COR15A (cold regulated 15-A; 
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At2g42540) encodes a cold-inducible chloroplast protein (Zarka et al. 2003; van 
Buer et al. 2016), which protects the inner wrapping of chloroplasts from the dam-
ages of low temperature (Steponkus et al. 1998). The ZAT10 (also called STZ) con-
trols the activation of some genes known to be involved in antioxidant protection 
(Gadjev et al. 2006; Mittler et al. 2006; Rossel et al. 2007; Blomster et al. 2011) and 
the adjustment of mesophyll development to environmental stimuli (Munekage 
et al. 2015). In Brassica oleracea, seed priming regulated the expression of RAB18 
(responsive to ABA 18; AT5G66400) and Em6 (AT2G40170), which were impor-
tant in chilling stress tolerance (Soeda et al. 2005). Likewise, dehydrins which are 
also identified as Group II LEAs (Bies-Ethève et al. 2008; Candat et al. 2014) were 
reported to be linked with improved chilling stress tolerance in primed seeds 
(Wechsberg et al. 1994; Sarhan et al. 1997).

Different antioxidants have been reported to play a pivotal role in enhancing 
chilling tolerance in primed seedlings (Bolkhina et al. 2003). These enzymes (e.g., 
POD, APX, SOD, and CAT) may protect the cellular organelles and membranes 
against the harmful effects of ROS (Bowler et al. 1992; Posmyk et al. 2001; Chen 
et al. 2016; Khan et al. 2018). All seed priming treatments regulated the activities of 
CAT, SOD, and POD under normal and stressful conditions (Goswami et al. 2013; 
Zheng et  al. 2016). Increased activities of SOD, CAT, and GR were noted in 
osmoprimed soybean seeds under chilling stress as compared to non-primed seeds, 
indicating activation of antioxidant defense mechanism in osmoprimed seeds 
(Posmyk et al. 2001). Hussain et al. (2016a, b) concluded that better tolerance of 
primed rice seedlings against chilling stress was concomitant with the higher activi-
ties/levels of enzymatic as well as nonenzymatic antioxidants compared with non- 
primed seedlings.

5  Conclusion

Among various environmental extremes, chilling stress is a major limiting factor for 
the crop growth, development, and productivity. During early growth phase, chilling 
stress inhibits seed germination and disrupts plant growth and developmental pro-
cesses, while during reproductive phase of plants, it causes pollen sterility, delays 
flowering, and ultimately leads to significant losses in crop yields. Seed priming has 
appeared as an effective, simple, and adoptive approach to mitigate the detrimental 
effects of chilling stress in many field crops. Seed priming is a pre-sowing treatment 
which encompasses the control hydration of seed for commencement and regulation 
of pre-germinative metabolic processes while preventing radicle emergence. A 
plenty of studies have suggested the beneficial effects of various seed priming tech-
niques such as hydropriming, hormonal priming, osmopriming/osmo-conditioning, 
chemical priming, nutri-priming, and redox priming under chilling stress. Primed 
seeds show speedy emergence and uniform crop establishment by providing a vig-
orous head start under chilling stress compared with non-primed seeds. Moreover, 
plants which emerged from primed seeds possess greater stress tolerance because of 
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modifications in several physiological, molecular, biochemical processes in plants. 
The available studies suggest that positive effects of seed priming on germination 
and seedling growth are mainly associated with higher starch metabolism and better 
reserve mobilization, increased synthesis of RNA and DNA, enhanced respiration 
rates, higher synthesis and accumulation of metabolites, maintenance of membrane 
stability, and higher activities/levels of antioxidants. Seed priming also regulates the 
expression of some cold-responsive genes/proteins including COR15A, ZAT10, 
RAB18, DHNs, and AQPs which induce the low-temperature tolerance of crop 
plants. However, further research at proteomic and transcriptomic levels is needed 
to explore the in-depth mechanisms of seed priming-evoked chilling tolerance. 
Efforts should also be made to design suitable and novel priming agents for differ-
ent field crops in order to meet the challenges of environmental extremes under 
natural settings.
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Abstract Metal contamination, as a consequence of anthropogenic activities, 
poses threat to plants and their ecosystems. Plants growing on metal-contaminated 
soils show severe aberration in their metabolism leading to stunted plant growth and 
low biomass production. Recently, seed priming has enabled us to improve germi-
nation and yield on such heavy metals toxic soils by different mechanisms. Seed 
priming is conferring tolerance against abiotic besides biotic stresses. Different seed 
priming procedures like hydropriming, chemo-priming, osmopriming, redox prim-
ing, nutrio-priming, hormo-priming, and biopriming are being used under metal/
metalloid stress conditions. Priming of seeds is generally done with natural or syn-
thetic compounds before sowing of seeds. It is the simplest, easiest, and cost- 
effective technique for improving seed vigor and robust seedling emergence 
ultimately adding increments to the economy of country with high returns. Seed 
priming treatment effectively alleviates the negative impact of metal stress through 
different mechanisms. In this chapter seed priming is discussed in context of their 
potential for alleviation of different metal stresses. Furthermore, different mecha-
nisms of seed priming are elaborated.

Keywords Seed priming · Metal stress · Metal tolerance · Metalloid

1  Introduction

Plants are grown on open fields; therefore they have the maximum chances of get-
ting exposed to numerous stresses with a slight change in weather required for their 
growth and yield and other most important vicinity in which they grow (Shakoor 
et al. 2011). Abiotic stress has devastating effects on plant, such as drought being 
the most common one and predicted to be worse with the shortage of available 
water resources in 2050 (Harrison et  al. 2014; Shahzad et  al. 2016). Salinity is 
another major stress constraint in the world because no continent is free from saline 
soils and excessive evaporation and less water for irrigation further exacerbated the 
situation (Ali et al. 2017; Shahzad et al. 2017); others include heat and cold stress 
(Zhao et al. 2007; Bunty et al. 2018; Eremina et al. 2016). Abiotic stresses cause 
osmotic disturbance in plant cells which create a disruption at different levels 
including damaged photosynthetic apparatus and ionic channels leading to changes 
in phenotypic appearance and ultimately end with total dry plant (Xiong and Zhu 
2002). Abiotic stresses like drought salinity, heavy metals, temperature extremes 
(low and high), mineral toxicities including metals and metalloids impedes plant 
growth and interferes with the normal growth of plants (Barakat 2011). Crops are 
grown in open fields; therefore they suffer from slight deviation with the changes in 
environment (Mittler 2006). Plants thrive well under abiotic stress conditions by 
adjusting to the existing conditions as being immobile to approach toward favorable 
growing conditions (Verslues et al. 2006). When plants face stress, they give signals 
to the other parts to adjust to the stress conditions (Xiong and Zhu 2001), in response 
to these stress stimuli resulting in regulation of physiological and biochemical 
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activities in plants against stress (Bacha et  al. 2017). Volatile molecules play an 
important role against stress by signaling (Vickers et al. 2009). However their con-
centration varies depending upon the severity of stress and time in which the plant 
is going to be under stress (from hours to days, it varies according to environment) 
(Vickers et  al. 2009). Heavy metal stress regulates numerous ion channels and 
pumps to inhibit their uptake and removal from the xylem channel (Thakur et al. 
2016). Crop improvement for heavy metal stress varies from direct selection-based 
conventional breeding to modern molecular breeding (Ashrafzadeh and Leung 
2015). Currently contemporary genomic approaches have added value for develop-
ing stress-tolerant cultivars (Hu et al. 2016; Ashraf et al. 2018). Genetic engineering 
and genome editing techniques have paved path and broaden our horizon by tar-
geted insertion of genes into desired cultivars (Gust et al. 2010). These all modern 
approaches have significantly increased yield of crops against stress (Mickelbart 
et al. 2015). Besides their merits transgenic crops have also some demerits that may 
cause pleiotropic effect and gene silencing (Kola et al. 2015). Considering the harm-
ful effects of transgenic approaches, seed priming emerges as a safe and easy tech-
nique for growing crops on heavy metal-polluted soils (Galhaut et al. 2014). Being 
the simplest technique, it is easy to carry either in lab or on farm (Hussain et al. 
2018a, b). Furthermore it has the potential to cope with adverse soil environment 
(Tabassum et al. 2017). It provides nutrients to seeds at the initial germinating stage 
(Iqbal et al. 2017). Keeping in view the current problems of abiotic stress, it is the 
need of the hour to find efficient, environmentally safe, and cost-effective mecha-
nisms. So we have tried to compile some possible mechanism of seed priming for 
better crop growth as discussed below.

2  Types of Heavy Metals and Their Stress Level

Soil is a reservoir of various elements consisting of essential and nonessential plant 
elements attached on mineral sites. Among the heavy metals, some metals are 
needed by crops in small quantity, whereas some metals are not required by plants; 
even their small amount become toxic.

3  Beneficial Heavy Metals

Among heavy metals, cobalt, copper, nickel, iron, zinc, molybdenum, and manga-
nese are essential heavy metals. These heavy metals are needed by crops in small 
amount for completing their development besides life cycle (Alloway 2013). These 
metal ions affected the enzymatic activity and cellular metabolism. These metals 
have a crucial role in synthesis of protein, nucleic acid, and a part of chlorophyll.

Cobalt complex is an active part of vitamin B12, which is required by both ani-
mals and humans. It is involved in water utilization and reduction of transpiration 
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rate in plants (Dal Corso et al. 2014). It also helps in photosynthesis process (Gad 
2005). Nickel is an important component of urease enzyme. Copper (Cu) is an 
essential micronutrient which takes part in photosynthetic electron transport and is 
a cofactor of superoxide dismutase and ascorbate oxidase enzymes (Yruela 2005). 
However, slightly high concentration of Cu will become phytotoxic and inhibit 
many functions in plants. Cu toxicity results in the production of reactive oxygen 
species, for example, O2

•−, H2O2, and malondialdehyde; those enhance the oxidation 
rate of proteins (Zaho et al. 2010). Several enzymes contain zinc (Zn) as their essen-
tial part, like carbonic anhydrase, alcohol dehydrogenase, and superoxide dismutase 
besides RNA polymerase. Zinc takes part in many oxidation reactions and is essen-
tial to maintain integrity of ribosome. It also plays a key role in transcription factors 
as it is a part of RNA polymerase. Manganese is involved in splitting of water in 
photosystem II. It is a part of enzyme malic dehydrogenase, oxalosuccinic decar-
boxylase, and superoxide dismutase. Iron is involved in photosynthesis, respiration 
and nitrogen fixation process, and chloroplast development besides biosynthesis. It 
is also a main component of heme protein and iron-sulfur proteins (Moller et al. 
2007). Molybdenum (Mo) enhances the concentration of chlorophyll in plants 
(McGarth et al. 2010).

4  Non-beneficial Heavy Metals

Selenium, mercury, chromium, and lead are considered as non-beneficial heavy 
metals as they are not required by plants. Their little quantity can damage plant 
growth and reduce yield (Richmond and Sussman 2003).

5  Causes of Metal/Metalloid Toxicity Stress on Plants

Zn (zinc) is an indispensable micronutrient needed for crop growth. Due to anthro-
pogenic activities, smelting, and industrial activities, its concentration in soil is 
increasing day by day. Zn concentrations range in soil 100–300 mg kg−1 (Kupper 
and Elisa 2016; Warne et al. 2008). Several plant metabolic functions retarded by 
high soil Zn cause stunted growth and leaf senescence and decreased shoot and root 
growth (Choi et al. 1996; Rout and Das 2009; Fontes and Cox 1998). Younger leaves 
become chlorotic and can spread to older leaves if exposed to high Zn concentration 
in soil for long time. Zn toxicity also caused the deficiency of Fe+2 and Mn+2 in plant 
leaves which is due to the Zn hindrance for the translocation of micronutrient from 
root to shoot (Ebbs and Kochian 1997). Zn toxicity causes purplish-red color in 
leaves that is attributed to deficiency of phosphorus (Mourato et al. 2015; Lee et al. 
1996).

The role of Cu in plants is well recognized, and it is considered as an indispens-
able micronutrient for crop growth (Thomas et al. 1998) and has a significant role in 
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CO2 assimilation plus ATP synthesis. Cu is an important constituent of several pro-
teins of photosynthetic system besides cytochrome oxidase of respiratory electron 
transport chain (Demirevska-kepova et al. 2004). Cu occurrence in ecosystems is 
increasing due to industrial and mining activities. Various anthropogenic activities 
like mining besides smelting of Cu-containing ores are also adding Cu to soil. Huge 
amount of waste rocks besides tailings are generated by mining activities which are 
deposited at the surface. Cytotoxic role is that it induces stress besides injury to 
crops that eventually cause leaf chlorosis and stunted growth (Lewis et al. 2001). 
Plants suffer from oxidative stress and generate ROS under high Cu concentrations 
(Stadtman and Oliver 1991). Due to oxidative stress, metabolic pathways are dis-
turbed and macromolecules are damaged (Hegedus et al. 2001).

Heavy addition of mercury (Hg) into arable lands has contaminated whole food 
chain by Hg. Hg is unique owing to its occurrence in various forms, e.g., HgS, Hg2+, 
Hg0, and methyl-Hg. However, Hg2+ is the dominant form in agricultural soil 
(Clarkson and Magos 2006; Han et al. 2006). Hg rests in solid phase due to adsorp-
tion to the sulfides, organic matter, and clay content. There are increasing evidences 
that Hg2+ accumulate in higher besides aquatic plants readily (Isaksson et al. 2007; 
Kamal et al. 2004; Israr et al. 2006). Higher concentration of Hg2+ is highly toxic to 
plant cells which caused visible tissue injuries besides physiological malfunction-
ing in plants (Zhou et al. 2007). For example, Hg2+ can cause stomatal disclosure by 
binding with water channel proteins; thus water flow in plants is physically 
obstructed (Zhang and Tyerman 1999). Hg2+ toxicity stimulates ROS generation 
inducing oxidative stress and interferes the mitochondrial activity. As a result, bio-
membrane lipids besides cellular metabolism in crops are disrupted (Messer et al. 
2005; Israr and Sahi 2008; Cargnelutti et al. 2006).

Industrial revolution has dramatically polluted biosphere with toxic metals 
(Swaminathan 2003). Chromium (Cr) is a heavy metal, and severe environmental 
contamination in soil and sediments besides groundwater is caused by high Cr lev-
els (Shanker et al. 2004). One of key consumers of water is tanning industry. High 
quantity of Cr (1.07–7.80 mg L−1) has been found in the waste water as discharge of 
tanning industry. It has been estimated that freshwater bodies contain 3550 t Cr by 
the anthropogenic discharge of Cr worldwide (Nriagu 1990). The World Health 
Organization (WHO), Environmental Protection Agency (EPA), and International 
Agency for Research on Cancer (IARC) have established Cr (VI) as a powerful 
epithelial irritant, very toxic, and a proven human carcinogen. It has been studied in 
many pants about the toxicity of Cr. Nutrient imbalance, root injury, chlorosis in 
fresh leaves, and wilting of tops besides inhibition of plant growth are caused by the 
excessive concentration of Cr (Chatterjee and Chatterjee 2000; Sharma et al. 2013). 
It has also been described in terrestrial plants about the chlorophyll biosynthesis 
inhibition (Vazques et al. 1987). Around, 40% inhibition of growth was shown by 
barley saplings grown in 100 μM Cr (Skeffington et  al. 1976). Growth of stem, 
leaves, and roots and alterations in the germination process are caused by the toxic 
effect of Cr on growth of plants. Plants productivity besides total biomass produc-
tion is affected by exposure to higher level of Cr (Shanker et al. 2004). Plant physi-
ological processes like water relations and photosynthesis are also deleteriously 
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affected by Cr. Metabolites or its ability to generate ROS and direct effect on 
enzymes describes the metabolic alterations by the exposure of Cr to plants (Shanker 
et al. 2003).

Lead is distributed worldwide, the most abundant toxic element of the pedo-
sphere. Lead toxicity results from ejection of municipal sewage sludge, mining 
besides smelting activities, paints having Pb, and gasoline besides explosives. It 
imparts harmful impacts on morphology, growth, and photosynthetic activities of 
plants. Toxic levels of Pb lead to retardation of enzymatic activities and imbalance 
in water regulation and disturb membrane permeability besides mineral nutrition 
(Sharma and Dubey 2005). At cellular level, Pb reacts with sulfhydryl groups; thus 
it inhibits activity of enzymes. High Pb concentration increasing the production of 
reactive oxygen species in plants causes oxidative stress that disturbs plants func-
tions (Reddy et al. 2005).

Arsenate (As) and phosphate (P) are competitor of each other for their uptake by 
plants because they are transported through the same transporter into the plasma 
lemma (Bolan et al. 2013). Numerous plant species have been developed for arsenic 
tolerance and have explored mechanism to survive at toxic arsenic stress level 
(Chandra et al. 2018; Anawar et al. 2018; Bianucci et al. 2018). One of the mecha-
nisms observed is the suppression of phosphate that resultantly uptakes more arse-
nic by plants (Kalita et  al. 2018). Currently many genes regulating As tolerance 
have been reported (Chen et al. 2018). Instead of these modern approaches for its 
tolerance, plants still accumulate arsenic toxicity nominal rate as compared to arse-
nic free soils (Wu et al. 2016). When plants accumulate arsenic, it has further trans-
formation mechanism to convert it into less toxic form to protect the plants 
photosynthetic machinery (Mirza et al. 2014). The possible form of its conversion 
includes arsenate to arsenite or monomethylarsinic acid (MMA) (Meharg and 
Hartley-Whitaker 2002).

Cobalt (Co) is a natural mineral element existing in our soils in different forms 
(Lange et al. 2016). In earlier times cobalt was given less importance as a toxic ele-
ment, and there were no control measures for it (Barrio-Parra et al. 2018). It has 
become the part of soil toxicity from different normal daily life usage materials such 
as cobalt alloys, domestic heating system, and batteries and also from the waste of 
different industries (De Miguel et al. 1999; Kim et al. 2015).

Cobalt is toxic to plants even with a minute quantity of t, and its uptake disrupts 
plant’s growth and development (López-Moreno et  al. 2016). Its harmful effects 
have been reported in different crops on their growth and yield (Li et al. 2009). It 
also interferes the uptake of essential mineral elements necessary for their potent 
growth (López-Moreno et  al. 2016). Likely it damages the chlorophyll contents, 
transpiration which results in stomatal closure and creates pool of reactive oxygen 
species (Panda et al. 2016).

Nickel (Ni) is also a naturally found trace metal ion in earth crusts (Rinklebe and 
Shaheen 2017). However, its concentration is accumulating in many areas through 
human activities like mining and smelting, waste from industries, and application of 
fertilizers besides pesticides (Wang et  al. 2018). Nickel concentration in normal 
soils is up to 1000 mg kg−1, while its concentration is higher in contaminated soils 
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(200–26,000 mg kg−1) which is 20-fold higher than normal soil. Plants uptake nickel 
in the form of Ni2+, and its excessive uptake creates physiological changes, and its 
phenotypic symptoms are chlorosis and necrosis (Torres et al. 2016). It also triggers 
oxidative stress like other heavy metal stresses in plants resulting in high malondi-
aldehyde (MDA) production (Younis et al. 2015). Biochemical changes elucidated 
those MDA level increases in sensitive cultivars compared to tolerant one which 
further aggravates the situation for plants by disrupting potassium and calcium 
channels and limiting water uptake (Soares et al. 2016). Decrease level of water 
uptake is linked with symptoms of Ni2+ toxicity (Khaliq et al. 2016).

6  Factors Affecting Metal and Metalloid Toxicity

Metals are natural components of the soil; however their concentration varies in 
different soils depending upon mineral fraction (Gadd 2008). Metals also exist in 
organic fraction in a bound form, and decomposition of organic fraction causes 
their mobility. Factors affecting the mobility of Cr, Se, Co, Pb, As, Ni, and Cu 
include pH, humic besides fulvic acids, and root exudates besides nutrients 
(Violante et al. 2010). Heavy metals remain in soil with a residence time of thou-
sands of years impacting negative influence on soil microflora and ground cover 
(Pehlivan et al. 2009). Mining of metals is considered as a double sword because 
at one side it gives benefits to earn by selling them and their usage in different 
sectors (Csavina et  al. 2012), while on the other side, it is really very harmful 
causing contamination to the soil and surrounding environments (Holden and 
Jacobson 2008). It may be spilled to the surrounding soil or may emit toxic dust 
that will settle too far from its mining and cause long spread toxicity especially to 
the crops grown by near to that place (Johnson and Hallberg 2005). The fate of 
these contaminants ends up in soil as deposit and results in phytotoxicity (Pruvot 
et al. 2006).

Every soil contains heavy metal from less harmful range to the toxic levels 
depending upon the parent material from which the soil was formed (Alloway 
2013). Soils formed from ultramafic rocks parent materials also hold notable 
amount of heavy metals specifically Ni, Cr, and Co (Ross et al. 2007). Decomposed 
ironstones such as iron oxide sediments create high arsenic metal accumulation 
(Robinson et al. 2007). Heavy metals spillage to river or any water body causes 
suspension, and when flood comes, it overflows to surrounding land ultimately 
causing metal toxicity (Bai et  al. 2012). Livestock manures contain toxic ele-
ments depending upon their feed; mostly they contain Cu, Zn, As, and Cd (Sager 
2007; Toor et al. 2007). It can be accumulated at the top surface of soil due to 
long-term usage (Adeli et al. 2007; He et al. 2009); thereby it is reported to be the 
source for creating metal/metalloid toxicity (Qian et al. 2003; Wang et al. 2013). 
General practice of managing sewage sludge is also harmful source for agricul-
tural soils. Globally the sewage sludge is managed by dumping and landfills 
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 posing threats of metalloids contaminations (Walter et al. 2006). Another option 
that exists for its degradation is pyrolysis of sewage sludge which emits residual 
waste of heavy  metals (Shinogi et al. 2003, Hwang et al. 2007). It pollutes the soil 
by Pb, Cd, Ni, Cr, and Hg, if it contains waste from industrial sewage (Przewrocki 
et al. 2004; Dai et al. 2006; Singh and Agrawal 2007).

Inorganic fertilizers are also abundant source of heavy metal load into agricul-
tural soils globally (Savci 2012). Excessive fertilizer application gathers metals in 
soils (Huang and Jin 2008). Some fertilizer contains high concentration of cadmium 
which ultimately ended up their journey in soil deposits (Brigden et  al. 2002). 
Phosphatic fertilizer application increases Cd and other toxic elements such as F, 
Hg, and Pb (Raven et al. 1998).

Insecticides and weedicides applied to control pest and weed also cause toxic 
levels to our soil. These include huge amount of Pb, Cu, and phenyl mercuric chlo-
ride (Robinson et al. 2007). Different building material used on agricultural land 
such as fences and other materials corrosion leads to toxicity of heavy metals 
(Alloway 2013). Military exercise sites create contamination in the form of bullets, 
shells, bombs, damaged vehicles, and leakage of fuel and burning of something on 
or near agricultural lands (Schleich et al. 2010).

7  Seed Priming

Seed priming is a simple technique of treating seeds for better germination and 
improved seedling emergence especially to cope with harsh soil environment 
(Farooq et al. 2006a). It includes soaking of seed in appropriate solution that trig-
gers the metabolic activities of seed and drying of seed for sowing (Farooq et al. 
2005). Imbibition of seed includes partial hydration of seed to initiate germination 
process but prevents radicle protrusion (Ashraf and Foolad 2005); however faster 
and synchronized seed germination can be achieved with seed priming (Farooq 
et al. 2008). It has direct influence on farmer’s livelihood by providing increased 
rate of seed germination and crop development within a less period of time giving 
higher yield returns instead of complete crop failure which includes several factors 
under specific circumstances and in specific regions (Bennet et al. 1992).

Currently various types of contemporary priming techniques have been practiced 
from farm to industry level for better crops (Harris et al. 2007; Fig. 1). Hydropriming 
is the simplest environment-friendly technique which employs soaking of seeds in 
sterilized water at suitable temperature (Farooq et al. 2006b). It invigorates the seed 
and provides sturdy crop establishment especially in tropical regions (Nawaz et al. 
2013). Osmopriming is the incubation of seed generally with a salt and polyethyl-
ene glycol solution for controlling imbibition and hampers radicle protrusion 
(Mouradi et al. 2016). It protects the seed from low external potential of water to 
have synchronized germination (Chen and Arora 2011). Osmopriming is reported to 
be a precise technique as compared to hydropriming because it produced quicker 
results (Moradi and Younesi 2009). Chemical and biopriming are  specifically used 
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for providing nutrition to seeds and protecting them from any disease attacks 
(Begum et al. 2010; Tonelli et al. 2011).

Seedling state of plant growth is the most sensitive stage which sometimes 
can face water limitations and ultimately leads to uneven crop establishment and 
ultimately poor crop yield (Demir et al. 2006). Inorder to overcome the above-
mentioned issues, seed priming has been proven to have evident effects during 
unfavorable conditions for crop (Parera and Cantliffe 1994). The profitable  
benefits of seed priming have taken the attention of seed industry to produce 
seed notably for adverse conditions (Basra et  al. 2005). However appropriate 

Fig. 1 Types of seed 
priming
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priming agent is a prerequisite for formation of seed to grow vigorously under 
existing adverse field environment (Job et al. 2000).

Seed priming has been used against abiotic stress since the discovery of this 
technique (Heydecker et al. 1975). Immediately after its success for seed improve-
ment, it has been tested in numerous horticultural and field crops against stress tol-
erance; therefore it is considered as chief element of plant immunity system offering 
protection against environmental stresses (Ton et al. 2009). Drought is the condition 
with no or limited water availability for seed germination (Hussain et al. 2018a, b). 
Primed seed has been reported to produce robust root and shoot emergence under 
drought stress (Iqbal and Ashraf 2013). Seed priming with potassium chloride 
increased seed emergence under drought stress (Eivazi 2012). The phenomenon is 
primed seeds absorb moisture to start metabolic activity (Kazemi and Eskandari 
2012). It also played a role in mitigating the harmful effects of salt stress conditions 
during radicle growth (Patane et al. 2009). Saline soils are more problematic for 
seedling emergence (Munns and Tester 2008). Saline soil contains high salt concen-
tration especially in upper layer of soil which is seed zone. Priming technique can 
be used in such salinity zone where evapotranspiration is high resulting in high 
water loss (Jisha et al. 2013). Priming has obvious positive effects that enable gly-
cophyte to adapt to saline conditions overcoming salinity problems (Chen 2011; 
Maiti and Pramanik 2013).

Priming is also associated with the repair of nucleic acid and increase in synthe-
sis of protein; therefore it exhibits higher water uptake and requirements (Oliveria 
et al. 2010; McDonald 2000). Enhanced antioxidative enzyme activity has also been 
observed in primed seeds (Hussain et al. 2018a, b), which in turn reduces lipid per-
oxidation (Chiu et al. 2006). It enhances antioxidant activity and works as a repairer 
of membrane under abiotic stress (Ibrahim 2016).

8  Factors Affecting Seed Priming

The efficiency of priming is influenced by several factors such as temperature, oxy-
gen availability, plant species, priming methods, duration of priming, and seed qual-
ity. Optimal conditions for priming can vary from species to species and even for 
different cultivars of a species. For example, when two different cultivars of 
Capsicum annuum were primed with polyethylene glycol and KNO3, one of the 
cultivars were more responsive to priming in terms of mean times of germination 
and mean time to emergence (Bradford et al. 1990). The duration of priming treat-
ment can also influence the success of priming. However, the duration of priming is 
widely varied from plants to plants, type of priming, temperature, and other factors. 
For example, in sunflower 8 h of salt priming is sufficient to observe its significant 
effect, while for that of ornamental species, 2 weeks are required to achieve the 
similar effect. In Zea mays 36 h of osmopriming resulted in 15% more seed germi-
nation as compared to 12-h treatment (Dezfuli et al. 2008). Prolonged exposure of 
seeds to priming solutions can lead to irreversible damage to seeds and hence poor 
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germination of seeds. For example, in Z. mays 48 h of osmopriming reduced the 
seed germination by 4% (Dezfuli et al. 2008). Although this reduction was not sig-
nificant as compared to 36-h treatment, however, it indicates that further increase in 
duration of priming might lead to poor germination of maize seeds.

Temperature is another crucial parameter which can largely affect the success of 
seed priming. This is because metabolic activities in plants are mainly temperature 
dependent and higher or lower temperature can affect these metabolic processes. In 
general, 15–30 °C have been shown to be optimal for different priming treatments 
(Bradford 1986). However, temperature below 10  °C was found to increase the 
mean germination time of seeds (Black and Bewley 2000). When wheat seeds were 
primed with different solutions at 20 °C, they showed improved germination, and 
seedlings were more vigorous compared to other temperatures tested in the experi-
ment (Yari et al. 2010). Although seed priming is mainly employed to improve seed 
quality, however, the initial seed quality of seeds prior to priming is a prerequisite to 
observe benefits of seed priming. Seeds which are devoid of pathogens and are vig-
orous could be more responsive to priming treatments.

9  Seed Priming in Relation to Metal/Metalloid Toxicity

Metal toxicity negatively interferes with all stages of plant growth from germination 
to seed setting, ultimately reducing the yield of economically important crops. 
Seeds of various plant species planted in soil saturated with different heavy metals 
had reduced germination, less number of seedlings, lower root or shoot length, and 
reduced dry biomass. Metals when in excess affect different physiological and bio-
chemical processes of seeds and thereby negatively affect the seed health. For 
example, cadmium toxicity has been shown to delay the seed germination via dis-
turbing the balance in cotyledon/embryo of total carbohydrates, amino acids, and 
minerals. Metals are essential for plant growth within a limited range, but when they 
increase in concentration, it causes toxicity and hampers plant growth (Aihemaiti 
et  al. 2018). Anthropogenic activities expose more heavy metal toxicity to soil 
including sewage dumping; automobiles and industries are primary factors for caus-
ing toxicity to agricultural lands in their vicinity (Bitton and Morel 2018; Ayturan 
et al. 2018; Fig. 2).

Seed has prime importance in agriculture because almost every crop is grown 
from seed; however sometimes it faces soil toxicity which restricts seedling emer-
gence and eventually poor plant growth (Bisen et al. 2015). Plants grown on toxic 
soils deviate from the normal growth activities as it causes changes in their physi-
ological and biochemical mechanisms (Ali et al. 2014). Zinc, a major micronutrient, 
plays crucial biological functions. Zinc plays an important role for growth, but its 
nano-zinc oxide (ZnO) toxicity causes ZnO stress which impedes germination  
percentage and germination index of seeds (Singh et al. 2018; Chen et al. 2015). 
ZnO stress can be overcome by exploiting seed priming by polyethylene glycol 
(PEG); it hastens seed germination besides reduced germination time (Salah  
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Fig. 2 A representation of heavy metal stress and ROS production (Shabala 2017)

et al. 2015). Priming improves germination by stimulating metabolic activities of 
seed providing sturdy root and shoot development under ZnO stress conditions 
(Sheteiwy et al. 2016).

Cadmium toxicity is most abundant in soil which interferes with the normal 
growth of seedling and inhibits its growth (Modlitbova et  al. 2018). Priming 
improves vitality of seed (Afzal et al. 2013). Numerous types of priming materials 
have been reported to improve seed germination under cadmium toxicity, but seed 
priming with salicylic acid boosted the germination percentage (Espanany et  al. 
2016). Salicylic acid is a hormone which is reported to have a role in regulating 
physiological changes against stress (Fariduddin et al. 2018). It was implicated to 
stimulate seed germination; therefore it was used as priming agent against cadmium 
toxicity (Lu et al. 2018). Presoaking of seeds with salicylic acid maintains optimum 
nutrition of mineral; furthermore it enhances absorption of other essential nutrients 
under cadmium toxicity (Belkhadi et  al. 2010; Gu et  al. 2018). Salicylic primed 
seeds depicted improvement in morphological and biochemical characteristics of 
plants against cadmium toxicity (Moussa and El-Gamal 2010; Matewally et  al. 
2003; Choudhry and Panda 2004). Salicylic acid priming benefits are of broad spec-
trum which include potent root development to protection of chlorophyll machinery 
of plant in cadmium toxic conditions (Panda and Patra 2007). Hormonal priming 
such as with auxin, gibberellin, and abscisic acid also played a role in improving 
germination of seed with cadmium stress (Sneideris et al. 2015). Cadmium causes 
significant reduction in relative water content; however indole acetic acid primed 
seed reported to lessen adversarial effects of cadmium on seed and throughout the 
course of plant growth (Agami and Mohamed 2013).

Arsenic is a heavy metal which is distributed extensively in soil by humans due 
to its use as a pesticide, herbicide, and additive to animal feed (Stevens et al. 2018). 
Arsenic exposure to plants results in formation of reactive oxygen species which 
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eventually leads to premature cell and death of plant (Farooq et al. 2016). Until now 
various options have been executed to alleviate the toxic effect of arsenic on plants, 
and among all those options, seed priming is the only easy-to-use application (Khan 
and Gupta 2018). Selenium primed seeds assist in protecting the plants by reduction 
in proline contents and soluble proteins and enhances the chlorophyll contents 
(Moulick et al. 2017). It is speculated that selenium priming has quenching ability 
of reactive oxygen species harmful effects which in turn speeds up the growth 
(Moulick et al. 2018). The other perception is that priming of selenium creates suf-
ficient selenium pool around seed coat which is later supplied to roots and shoots to 
minimize the arsenic toxicity (Moulick et al. 2017).

Industrialization has worsened the agricultural soil and environmental condi-
tions; lead (Pb) is also one of the by-products of industry accumulating deeply in 
soil (Alloway 2013). Lead enters plant through roots and starts disruption in normal 
functioning of plants as other heavy metals, i.e., reduced germination, water rela-
tions, and physiological process (Amari et al. 2017). Seed priming by KNO3 mean-
ingfully inhibits harmful effects of lead and lowers the translocation from roots to 
above part of plants which contrarily increased the catalase and peroxidase besides 
superoxide dismutase in roots (Nawaz et al. 2017).

Rice seed priming by different concentrations of selenium (Se) resulted in higher 
seed germination besides seedling development under arsenic (As) stress (Moulick 
et al. 2016). The Se priming did not only reduce the contact of rice root with As but 
also reduced the translocation of absorbed As to shoots (Moulick et  al. 2017). 
Interestingly, the adult plants of primed seeded rice in As-infested soil were taller in 
height and had higher number of tillers and biomass (Moulick et al. 2018), suggest-
ing that seed priming is not only effective against As stress at earlier stages, but the 
priming effect is likely to remain viable throughout the plant growth cycle. Black 
cumin seeds treated with either KNO3 or KCl led to higher rate and earlier germina-
tion of seeds as compared to untreated plants under cadmium (Cd) stress. 
Furthermore, the seedlings of primed seeds had higher overall length and dry weight 
(Espanany et  al. 2016). Similarly, Nawaz et  al. (2017) showed that when maize 
seeds are pre-treated with KNO3, they are better able to tolerate lead (Pb) stress and 
this tolerability was linked to higher activities of antioxidant enzymes such as cata-
lases, peroxidases, and superoxide dismutase. Kumar et  al. (2016) indicated that 
when wheat seeds are treated by variable concentrations of Ca(NO3)2, they tend to 
germinate faster and can alleviate the effect of mercuric chloride (HgCl2). 
Improvement in germination rate of different crop seeds using chemicals under 
metal stress might be due to shift in the production of different oxides. For example, 
KNO3 treatment leads to higher production of nitric oxide (NO) in germinating 
seeds perhaps due to catabolization of nitrites and nitrates, hence improving the 
availability of these nutrients in germinating seeds. Moreover, salt treatment also 
contributes to endosperms degeneration and higher activities of different proteases, 
amylases, and lipases, which might contribute to higher germination of seeds under 
metal stress conditions.
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10  Seed Priming with Naturally Occurring Metabolites 
of Plants Under Metal Stress

Another category of seed priming agents is naturally occurring secondary metabo-
lites of plants such as plant hormones. Plant synthesizes these metabolites endoge-
nously; however, their exogenous application has been proven effective in alleviation 
of different stresses (Savvides et al. 2016). The evidence of their role in seed prim-
ing and amelioration of metal toxicity are also accumulating (Rakshit and Singh 
2018). Maize seeds pre-treated with different concentrations of salicylic acid (SA) 
resulted in improved seedling growth and reduced accumulation of chromium (Cr) 
when compared with non-treated seeds (Singh et al. 2016). The declined accumula-
tion of Cr in seedlings was correlated with higher activities of ROS scavenging 
enzymes (Singh et al. 2016) suggesting that SA treatment may act as an early signal 
to protect the germinating seedlings from Cr stress through fine-tuning of metabolic 
machinery involved in Cr uptake. Salicylic acid has priming potential to ameliorate 
the toxic effects of other metals and it has also been evaluated. For example, when 
Vigna radiata seeds were treated with SA and spiked with toxic levels of cadmium 
(Cd), the germinating seedlings performed better in all growth parameters measured 
in the study. Likewise, the tolerance was positively correlated with higher activities 
of antioxidant enzymes and lower concentration of H2O2. Similar effects were 
observed for gibberellic acid (GA) treatment; however, GA effect was significantly 
more pronounced than SA (Hassan and Mansoor 2017).

11  Mechanism of Seed Priming

Heavy metal pollution occurs naturally by forest fires due to sudden increase in 
temperature, volcanic eruptions, or surface mineralization. Anthropogenic activities 
and poor management further trigger the formation of metal-polluted environments 
ranging from different chemical applications in agriculture to boost the yield of 
crop, pesticide applications to control pest and disease and mining of new metals, 
poor management of industrial waste effluents, and removal of toxic gases to clean 
the air to lastly our heavy automobiles usage. All these abovementioned factors are 
responsible for polluting our planet day by day with the burgeoning population in 
the world (El-Ramady et al. 2015; He et al. 2017; Luoma 2017).

When we talk about heavy metals, it is classified into further two groups, i.e., 
essential and nonessential metal ions (Mohammad et  al. 2015). The first group 
includes essential micronutrients Cu, Co, Fe, Mn, Ni, and Zn that work differently 
ranging from electron transfer to redox reaction and metabolic procedures (Tahervand 
and Jalali 2017). The second group covers nonessential metals As, Cd, Cr, Hg, and 
Pb, with their slight increase in concentration they cause toxicity to soil and plants 
(Dago et  al. 2014). Another group in which we can divide is metals related  
with bioactivity on the basis of physicochemical properties, i.e., redox (Cr, Cu, Fe, 
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Mn) and non-redox metals (Al, Cd, Hg, Ni, Zn) (Panda et al. 2016). The first group 
of metal members creates oxidative damage to plants after their uptake via Fenton 
reaction (Liochev 2018), which leads in the production of reactive oxygen species 
(ROS) in crops and causes detrimental effects by disruption of homeostasis in cell, 
regulation of gene expression, production of hydrogen peroxide (H2O2), damage to 
the photosynthetic machinery, and eventually plant death (Adrees et al. 2015). Non 
essential metals group plays an indirect role by depleting glutathione and sulfhydryl 
group binding (Urbancsok et  al. 2018) and hampering activity of antioxidant 
enzymes against ROS triggering oxidative stress in plants (Bielen et al. 2013).

Chromium is reported to be the toxic element for plant growth and also for 
humans by their incorporation into the food chain (Lukina et al. 2016). It creates 
environmental pollution in two forms, i.e., hexavalent Cr6+ and trivalent Cr3+. Plant 
does not uptake chromium metal directly or absorbs via plant roots (Shahid et al. 
2017); it makes their way to plants through specific ion carriers (Ali et al. 2015a, b). 
Fate of chromium in plants is mostly roots after making their way to plants rather 
than being accumulated in other parts of plants (Stambulska et al. 2018), because it 
is an immobile metal ion; thereby it piles up in the roots (Batool et  al. 2017). 
Chromium effects are visible during the early growth stages of plant and thereby 
reduce stem development (Ali et al. 2015a, b). Moreover chromium stress limits the 
cell division in roots which ultimately results in short root system (Stambulska et al. 
2018). Chromium uptake by root interferes with the normal functioning ranging 
from water uptake to limiting the essential nutrients uptake necessary for plant 
throughout the course of growth (Srivastava and Jain 2011). However plants evolved 
different mechanisms to cope with heavy metal stress (Emamverdian et al. 2015). 
The first defense mechanism that plants developed with the course of time toward 
heavy metal toxicity is physical barriers, i.e., activating trichome tissues, formation 
of thick cuticular membrane, and beneficial association of mycorrhizae, besides cell 
wall activation immediately after signaling metal stress (Trinh et  al. 2014; 
Hristozkova et al. 2017; Shahid et al. 2017). Root hairs (trichome) block their move-
ment further upward by working as a storage organ, and also secretion of metabo-
lites detoxify metal ions (Oksanen 2018). Seed priming maintains the balance of 
ROS scavengers to cope with ROS produced under stress (Hussain et al. 2017). It 
decreases the production of malondialdehyde and hydrogen peroxide and increases 
proline concentration (Hussain et al. 2016a, b; Hossain et al. 2015). Thus, all ROS 
scavenging enzymes work together one after one for alleviating oxidative stress; the 
final enzyme that ends in forming H2O is glutathione reductase which is also trig-
gered by seed priming (Khaliq et al. 2015).

12  Conclusion

Seed priming is an efficient and environment-friendly method to diminish the harm-
ful effects of heavy metal in plants. Seed priming is an easy to perform, effective, 
and efficient option for better crop growth. Seed priming firstly protects from harsh 
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conditions during the initial growth stages of seed. It further induces cellular 
responses and signal stimulus against metal stress. However precise processes of 
seed priming under stress still need to be explored. It also accumulates in active 
signaling proteins in primed seeds. These inactive proteins become activated after 
sensing stress. It is reported from different studies revealing the beneficial effects of 
seed priming that alleviate harmful effects of metal toxicity. Currently numerous 
priming studies have been done, and most of them have achieved positive results, 
but there are still some gaps needed to be filled. As a conclusion we can say that 
either it regulates changes in crops at diverse growth stages or not. Seed priming 
agents and their different concentrations respond toward different crops variedly. It 
is also the need of the hour to unravel molecular and genetic facets of plant species 
against heavy metal stress in relation to seed priming.
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Abstract Heavy metal contamination of soil due to rapid industrialization and 
urbanization is an exponentially increasing menace, rendering hectares of arable 
land barren. Adding to the problem is the global climate change which sums up to 
the challenge of providing food security and meeting the global sustainability goals. 
Heavy metals like Cd, Pb, Hg, and As (non essential) and Fe, Mn, Zn, Cr, Cu, and 
Ni (essential) when present in abnormal amounts in the environment pose a serious 
threat to growth and yield of crop plants. Various stress factors including heavy met-
als result in exaggerated synthesis of reactive oxygen species (ROS) causing 
immense metabolic imbalance in plants. Plants possess both enzymatic and non- 
enzymatic processes to reduce the load of oxidative stress, but many times, it doesn’t 
suffice. The scope of this chapter centers around the recent strives made in the field 
of heavy metal-induced heavy metal stress mitigation in crop plants. This chapter 
specially focuses on exogenous amendments (organic, inorganic, and microbial) to 
induce stress adaptation in crop plants.
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1  Introduction: Heavy Metals and Oxidative Stress

Any element bearing density above 5.0 gcm−3 is conceived as heavy metals. Though 
around 60% of the elements present in nature are considered as heavy metals, not all 
of them are important biologically (Saxena and Shekhawat 2013). Heavy metals 
like Pb (lead), Sb (antimony), Cd (cadmium), Hg (mercury), U (uranium), As (arse-
nic), and Ag (gold) are not of any functional importance to plants and are toxic, 
whereas, Fe (iron), Zn (zinc), Cr (chromium), V (vanadium), Co (cobalt), Cu (cop-
per), and Ni (nickel), though are required by plants as micronutrients, or trace ele-
ments become toxic when in excess. In many parts of the world, soil is acidic 
(pH < 5); this leads to accumulation of noxious forms (Al3+, Fe2+, Mn2+, etc.) of 
Earth’s crust abundant of heavy metals (Awasthi et al. 2017; Kar and Panda 2018). 
Anthropogenic activities, like industrialization, urbanization, rampant use of fertil-
izers, etc., are the main source of heavy metal contamination of the environment 
leading to phytotoxicity. It was found that some heavy metals can interfere with 
native soil microbial population as well as interacting or influencing other closely 
associated floras including crops (Pena-Fernandez et al. 2014; Mandal et al. 2014). 
Iron toxicity especially directly brings up the ROS levels in the plants through its 
involvement in Fenton reaction. Iron, in the form of ferrous ion, catalyzes the reac-
tion of the biochemical pathway by forming free radicals like OH•. Also, O2 pro-
duced as by-product proceeds further in the formation of more ROS molecules.

 Fe O Fe O3
2

2
2

+ ++ → +  

 Fe H O Fe OH OH2
2 2

3+ ++ → + +• •

 

 O H O O OH OH2 2 2 2
• • •− + → + +  

Plants respond to heavy metal stress showing two types of responses: accumula-
tion and exclusion. Accumulation includes active uptake of metals and subsequent 
detoxification (through formation of complexes) in aboveground tissues (especially 
dumped in vacuoles), whereas exclusion involves maintenance of homeostatic level 
of metal in tissues through exudation, irrespective of heavy metal load in the rhizo-
sphere. Plants also exudate organic acids into the rhizosphere to form complexes 
with heavy metals so that the latter is not taken up by root cells (Li et al. 2017). 
Besides the direct responses of heavy metals, it also induces an oxidative burst, 
disturbing the ROS homeostasis and thus causing oxidative stress. ROS molecules, 
viz., hydrogen peroxide (H2O2), superoxide (O2

•−), hydroxyl radical (OH•), and sin-
glet oxygen (1O2), react with cellular biomolecules and cause immense damage to 
housekeeping and cellular metabolic activities (Singh et  al. 2017). Activation of 
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antioxidant defense system under Al stress in many species has been well docu-
mented like in tea (Mukhopadyay et al. 2012; Morita et al. 2011), jatropha plant 
(Ou-Yang et al., 2014), gmelina plant (Dudhane et al. 2012), and rice plant (Ribeiro 
et  al. 2012). Disrupted cellular metabolic activity leads to emergences of visible 
physiological symptoms like decreased root length, biomass, seed germination, and 
pigment synthesis in plants.

To evade from this oxidative stress, plants have evolved an intricate cascade 
of antioxidative response system, both enzymatic and nonenzymatic. These anti-
oxidative activities bring ameliorating effect during heavy metal stress on plants. 
Some of the important ROS scavenging enzymes under excess iron stress are 
superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), glu-
tathione peroxidase (GPX), monodehydroascorbate reductase (MDHAR), dehy-
droascorbate reductase (DHAR), and glutathione reductase (GR) (You and Chan 
2015). Superoxide dismutases are metaloenzymes that catalyze the dismutation 
of oxygen radicals. The enzyme is responsible for bringing plant stress toler-
ance. This first line of defense works for detoxifying ROS under various com-
partments of plant cells. Cu, Zn, and Fe are the main metals, which form the 
active prosthetic group for SODs. Under heavy metal stress, high activity of 
these SODs has been reported. Overexpressing Cu/Zn SOD and Fe-SOD in 
model plants like tobacco and Arabidopsis thaliana results in multiple stress 
tolerance. A recent report by Verma and Pandey (2016) showed increased activ-
ity of SOD with high iron supply in wheat. Similar responses were observed in 
rice and tobacco under high iron treatment (Stein et al. 2009). Catalase on the 
other hand directly breaks down H2O2 into H2O and O2. With increasing concen-
tration of iron in the medium, the CAT activity was also found to be elevated in 
crop plants (Li et al. 2011).

The main H2O2 detoxifying system is the ascorbate-glutathione (GSH) cycle. 
Ascorbic acid, an antioxidant for the plants, acts as an electron donor to H2O2 to 
convert it into water and molecular oxygen. This reaction is catalyzed by APX. The 
APX activity generally increases along with CAT and SOD. However, their response 
under heavy metal stress has received mixed reports. In case of excess iron in beans, 
the generation of APX was induced. Similarly, suppressed APX level in tobacco 
made the plants more susceptible to excess iron. Glutathione peroxidase on the 
other hand utilizes reduced glutathione to reduce H2O2 and delivers similar results 
as APX. It was reported that silencing of APX genes induced upregulation of other 
peroxidases. In rice, GPX genes that were found with induced expression of APX 
genes were silenced (Caverzan et  al. 2012). Glutathione reductase, on the other 
hand, is involved in maintaining the GSH pool of the plants under oxidative stress. 
GSH is a nonenzymatic indicator under various environmental stresses. Saini et al. 
(2017) have reported increasing GR activity in rice with gradual increase in iron 
supply. Some of the plants have even developed high level of heavy metal tolerance 
to specific metals through evolution and selection from nearby non-metalliferous 
populations. These unique plants came to be known as metallophytes, viz., Silene 
vulgaris, Silene dioica, etc.
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Adding to the menace of heavy metal contamination is the global exponential 
rise in human population, which calls for immediate action to secure the feed for the 
new mouths. Attenuation of heavy metal stress will go a long way in this regard. 
Keeping this in mind, a lot of work has been executed to ameliorate heavy metal 
toxicity especially heavy metal-induced oxidative stress. This review caters to the 
need of summarizing the works on the topic.

2  Methods for Alleviation of Oxidative Stress

Diverse methodologies had been adopted to reduce the exacerbation of oxidative 
stress induced by different stressors, ranging from conventional breeding to plant 
genetic modification and also including beforehand priming/hardening of plants 
(Savvides et  al. 2016). Priming with the use of exogenous elements is a rapidly 
emerging field in crop stress physiology as genetic amendments are currently not 
acceptable in many countries of the world (Antoniou et al. 2016). Then also endog-
enous amendments (change in genetic makeup) form an important part in oxidative 
stress alleviation as it aims to provide for permanent solutions, which are geneti-
cally heritable. Here the whole range of amendments that have been used to attenu-
ate heavy metal-induced oxidative stress will be discussed.

Exogenous amendments, have got important role, in sensitization of plants 
through application of chemicals and biological agents for intense and rapid mobi-
lization of defense responses against stressors. A number of exogenous amendment 
strategies are employed by researchers to attenuate oxidative stress cropping out of 
environmental heavy metal pollution. Generally, plants employ a range of mecha-
nisms to avoid or tolerate the heavy metal stress, but many times, when stress is 
severe and prolonged, these defense responses are overwhelmed. In such cases 
some amount of external exposure to certain signaling or functional molecules helps 
stimulate the plants to give a more organized response and hence help survive 
(Mostofa and Fujita 2013). These stress amending molecules can basically be char-
acterized into three subgroups.

2.1  Organic Amendments

A lot of organic chemicals had been used to reduce the anthropogenic activities that 
derived heavy metal-induced oxidative stress. Most of these are of biological origin 
(salicylic acid, brassinosteroids, jasmonates, glycinebetaine, glutathione, etc.), 
whereas few are not (EDTA, sodium nitroprusside, etc.). As most of these are of 
biological origin, they function as signaling molecules/stimulants or functional 
molecules to enhance the plant stress response. Salicylic acid, a phenolic com-
pound, acts by boosting the systemic signaling response to heavy metal stress in 
plants. Besides this, as an endogenous hormone, it regulates various physiological 
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and developmental procedures (Mostofa and Fujita 2013; Panda and Patra 2007). 
Brassinosteroids, similar to salicylic acid, are phytohormones responsible for the 
increase of antioxidant potential, photosynthesis, and detoxification in response to 
heavy metal stress (Ahammed et al. 2012). It has been reported to attenuate oxida-
tive stress induced by heavy metals stress in chickpea (Hasan et al. 2008), tomato 
(Hasan et al. 2011), and rice (Sharma et al. 2016). Organic acids (citrate, malate, 
oxalate, etc.) have long been used as part of their defense response to chelate heavy 
metals, even when they are applied exogenously (Kambhampati 2013; Cobbett 
2000; Blaylock et al. 1997). Not only they chelate heavy metals but also boost up 
the oxidative defense system in Solanum nigrum (Gao et al. 2010), Boehmeria nivea 
(Li et al. 2014), and Brassica juncea (Mahmud et al. 2018). EDTA has also been 
successfully tried in crop plants (Shahid et al. 2014; Habiba et al. 2015). Exogenous 
application of osmolytes like glycinebetaine, mannitol, and proline has been 
reported to attenuate oxidative stress caused by heavy metals like Cr, Cd, and Hg in 
wheat (Ali et al. 2015; Adrees et al. 2015), cotton (Farooq et al. 2016), and rice 
(Wang et al. 2009), respectively.

Polyamines are another group of ameliorating agents responsible for detoxifica-
tion of heavy metals. They are low aliphatic amines that are omnipresent in all living 
entities. Putrescine, spermidine, and spermine are the commonly used polyamines 
in plants, which are reported to alleviate Cd stress in Potamogeton crispus (Yang 
et al. 2010), Triticum aestivum (Benavides et al. 2018; Tajti et al. 2018; Rady and 
Hemida 2015), Helianthus annuus (Benavides et al. 2018), Oryza sativa (Pal et al. 
2017), Vigna radiata (Nahar et al. 2016), etc.

Biochar also attenuates heavy metal toxicity when applied exogenously. It is a 
porous, carbonaceous product obtained from pyrolysis of organic matter (Dennehy 
et al. 2017; Feng and Zhu, 2017; Lin et al. 2017). Biochar has high cation exchange 
capability and high expanse and alkaline in nature. An application of biochar in soils 
is that it adsorbs/precipitates toxic compounds and enhances the water holding 
capacity of soils. Many plants were studied to alleviate heavy metal toxicity using 
biochar like Oryza sativa (Zheng et al. 2012; Rizwan et al. 2018; Li et al. 2018a, b), 
Brassica chinensis L. (Bashir et al. 2018a, b), Triticum aestivum L (Rehman et al. 
2018), Ipomoea aquatica (Bashir et al. 2018a, b), Zea mays L. (Namgay et al. 2010), 
Brassica napus L. (Houben et al. 2013), etc.

Plant hormones (auxins, gibberellins, cytokinins, abscisic acid, ethylene, jas-
monic acid, nitric oxide, brassinosteroids) are major plant growth regulators, which 
besides playing significant role for plant development also help in stress amend-
ments when applied exogenously (Davies 2010; Asgher et al. 2014; Masood et al. 
2012; Piotrowska et al. 2009; Khan et al. 2015) and hence are extensively studied in 
different plants under heavy metal stress, like auxin in Arabidopsis thaliana (Vitti 
et al. 2013), gibberellic acid in Parthenium hysterophorus (Hadi et al. 2014), cyto-
kinins in Solanum melongena (Singh and Prasad 2014), ethylene in Solanum lycop-
ersicum and Brassica juncea (Masood et al. 2012; Asgher et al. 2014), salicylic acid 
in Phaseolus aureus and Vicia sativa (Zhang et al. 2011a, b), Glycine max (Noriega 
et al. 2012), jasmonic acid in Arabidopsis thaliana and Glycine max (Keramat et al. 
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2009, Piotrowska et  al. 2009), and brassinosteroids in Solanum lycopersicum 
(Ahammed et al. 2013).

Plant growth hormones directly or indirectly takes part in intricate pathways 
resolving the iron stress for plants. Auxin is one of the growth hormones involved in 
such pathways, which signals for the expression of genes involved in iron homeo-
stasis. It induces genes like FIT and FROs. FRO is responsible for reduction of Fe3+ 
in the rhizosphere. Exogenous application of auxin stimulated expression of these 
particular genes (Hindt and Guerinot, 2012). Hence, under Fe-deficient condition, 
application of auxin can regulate Fe uptake normally. Nitric oxide (NO) is another 
signaling molecule, which can be implicated in iron uptake. Its function is similar 
to auxin. Its application in tomato and maize induced expression of genes like FRO, 
IRT1, and FER (Graziano and Lamattina 2005). These genes are responsible for 
reducing and transporting iron within the plants. Cytokinin, on the other hand, has 
been reported as a negative regulator for Fe uptake. Exogenous application of cyto-
kinin resulted into repression of IRT1, FRO2, and FIT genes (Hindt and Guerinot, 
2012). Therefore, application of cytokinin can result as another regulating factor for 
plants against iron toxicity. 24-Epibrassinolide (EBL) is included in brassinosteroids 
(BRs) which is an endogenous plant growth regulator (PGR). Reports also suggest 
the use of epibrassinolide (EBL) as exogenous heavy metal stress retardant. EBL 
boosts antioxidant and non-antioxidant enzymatic system and also influences osmo-
regulation. EBL has been used in Raphanus sativus (Ramakrishna and Rao 2012), 
Vigna radiata (Mir et  al. 2015), Solanum melongena (Wu et  al. 2016), Solanum 
lycopersicum cv. Hezuo903 (Li et al. 2016a, b), and Brassica juncea (Kohli et al. 
2018).

Abscisic acid (ABA) is a phytohormone necessitated in seed germination; bud 
dormancy, regulation of organ size; and stomatal closure. It also regulates the plant 
behavioral responses under biotic and abiotic conditions (Wang et al. 2013; Cao 
et al. 2014). ABA helps to activate antioxidant defense system that alleviates the 
toxic effects of heavy metals in plants (Wang et al. 2014). Under stress condition, 
the levels of ABA increase in plants that stimulates signaling cascades downstream 
of phytohormones such as salicylic acid (SA) and auxin (IAA), which may also 
alleviate heavy metal toxicity (Shi et al. 2015). Exogenous application of ABA has 
been reported to dilute transpiration, contributing to reduced zinc translocation 
from soil to the aerial part of plants (Disante et al. 2014; Shi et al. 2015).

Salicylic acid, a natural signaling molecule, plays a significant part in determin-
ing numerous physiological activities and plant resistance to biotic and abiotic 
stresses (Wang et al. 2013). It also ameliorates the noxious effects of heavy metals 
by modulating the antioxidant systems, intake of heavy metals, and maintenance of 
membrane integrity when exogenously applied. The exogenous application of sali-
cylic acid has been reported in Brassica juncea (Kohli et al. 2018), Phaseolus vul-
garis (Saidi et al. 2013), Lolium perenne (Wang et al. 2013), Glycine max (Noriega 
et  al. 2012), Triticum aestivum (Shakirova et  al. 2016), Linum usitatissimum 
(Belkadhi et al. 2014), Zea mays (Szalai et al. 2013; Zanganeh et al. 2018), and 
Oryza sativa (Pandey et al. 2013a, b). Salicylic acid has been found to be better 
ameliorator of Al toxicity when compared to Mg and Ca (Pandey et al. 2013a, b). 
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5-Aminolevulinic acid (ALA) reported to alleviate abiotic stress like salinity and 
heavy metal stress. It ameliorates the toxicity effect of Cd in plants such as Brassica 
napus (Ali et al. 2013).

Hemin is also known as ferroprotoporphyrin IX, which is a compound derived 
from heme and is a powerful inducer of heme oxygenase 1 (HO-1) by upregulating 
its mRNA abundance and protein level. These responses eventually assure hemin to 
exert protective effect on stress tolerance (Chen et al. 2017, 2018b).

2.2  Inorganic Amendments

Silicon (Si) forms the backbone of inorganic exogenous amendment for heavy 
metal-induced oxidative stress. It is also a beneficial element with regard to growth, 
development, yield, and immunity against disease in diverse plant species (Ma et al. 
2015; Dorneles et al. 2016). And so, Si has been studied widely, from heavy metal 
accumulator plants to non-accumulator plants leading to identification of numerous 
strategies, through which Si mitigates the heavy metal-derived toxicity in plants – 
lesser uptake of heavy metals, boosting the antioxidant machinery, less damage to 
photosynthetic apparatus, and chelation of heavy metals (Liu et al. 2013). In case of 
Al, it forms complexes called aluminosilicates in the cell wall and apoplasm and 
thereby providing substantial obstacle to penetrate inside, thus protecting the cell 
from damage (Prabagar et al. 2011). Addition of Si to the medium with Fe-treated 
rice varieties showed reduction of Fe plaque by 37%–40% (You-Qiang et al. 2012). 
Exogenous Si helps alleviate heavy metal toxicity with increase in phenolic com-
pounds and antioxidants (Shahnaz et  al. 2011; Fleck et  al. 2015). Findings of 
Detmann et  al. (2012) disclosed that supplementation of Si ensues in significant 
modulation of primary metabolism and promotes amino acid remobilization in rice. 
There is evidence that suggests that in the presence of Si, a noteworthy reduction in 
arsenic (As) uptake and translocation is observed in rice (Ma and Yamaji 2006; 
Raab et al. 2007; Bogdan and Schenk 2008). Findings of Matsumoto et al. (2015) 
and Fleck et al. (2013) indicate that the application of silica gel at 10.0 g Kg−1 as soil 
supplement can effectively reduce As content in aboveground biomass. Silicon as 
an amendment to metal stress has also been reported in Gossypium hirsutum L. 
(Anwaar et al. 2015), Zea mays (de Sousa Paula et al. 2015), Arundinaria pygmaea 
(Emamverdian et al. 2018), Oryza sativa L. (Gu et al. 2012; Song et al. 2014), M. x 
paradisiaca (Li et al. 2012), and Triticum aestivum (Tripathi et al. 2016).

Similar to Si, selenium (Se) attenuates heavy metal toxicity using diverse proce-
dures which include compartmentalization of heavy metals into cell walls and vacu-
oles, increasing overall antioxidant activity, restriction of heavy metal transportation 
in plants, and homogenous distribution of metals in the leaf (Pereira et al. 2015; 
Zaheer et al. 2018; Jan et al. 2018; Yingang et al. 2018; Wu et al. 2018). In the past 
few years, in vitro studies were carried out to investigate the consequences of prim-
ing rice seeds with Se on germination and seedling growth and cultivation of primed 
rice seeds in As-contaminated environment, as an alternative mitigation option. 
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Findings of Moulick et  al. (2016, 2017) suggest that priming rice seeds with Se 
before sowing can promote germination and seedling growth in both soil-based and 
soilless conditions by facilitating modulation in As-induced redox imbalance and 
minimizing its uptake. Cultivation of  Se primed rice seedlings in arsenic- 
contaminated pot soil indicated significantly reduced arsenic translocation into the 
aboveground portion (Moulick et al. 2018a, b). The supplemented Se also promoted 
intake and translocation of other essential minerals such as Fe, Mn, Zn, etc. (Moulick 
et al. 2018c).

Sulfur (S) is a key ameliorating agent for reducing the effect of heavy metals in 
plants. It is one of the essential micronutrients that regulate photosynthesis under 
normal and stress condition (Nazar et al. 2015). Sulfur forms the basic structural 
component for certain amino acids (cysteine and methionine), antioxidants (reduced 
and oxidized GSH), coenzymes, vitamins, secondary metabolites, phytochelatins 
(PCs), and lipids (Khan et al. 2014). Adequate S availability in Hordeum vulgare 
(Astolfi et al. 2011), Oryza sativa (Fan et al. 2010), and Brassica juncea (Asgher 
et al. 2014) led to detoxification of Cd-stimulated oxidative stress through increased 
production of GSH. Sulfur plays key role in minimizing As accumulation and sub-
sequent translocation in plants (Muñoz-Bertomeu et al. 2009; Zhang et al. 2011a, b; 
Dixit et al. 2015). Authors like Finnegan and Chen (2012) found that adequate S 
content (supplemented) becomes essential for plants to survive in As-contaminated 
environment. Song et al. (2010) observed that upon exposure to heavy metals, plants 
start producing ligands and PCs generally facilitated by adequate S supply. The 
sulfhydryl of GSH and PCs facilitates the conversion of arsenate to arsenite and 
finally modulates the localization into the vacuoles. Supplementation with S has 
been found to promote the As concentration in roots by stimulating thiolic ligand 
synthesis and subsequent increase in As complexation in roots, thus minimizing As 
translocation from roots to shoots (Duan et al. 2011; Dixit et al. 2016).

Calcium is essential macromolecule for plant growth and development. It has 
role to play as secondary messenger in intracellular signal transduction. Plasma 
membrane is the first target of heavy metal toxicity in plant cells, which in turn 
serves as stress perception leading to alteration of Ca signal transduction. Exogenous 
application of Ca ameliorates heavy metal toxicity by enhancing stability of plasma 
membrane and mending Ca signaling (Farzadfar et al. 2013). Calcium is known to 
ameliorate heavy metal stress in Sesamum indicum (Abd-Allah et  al. 2017), 
Matricaria chamomilla (Farzadfar et al. 2013), Oryza sativa (Srivastava et al. 2015), 
Vicia faba (Siddiqui et al. 2012), Lens culinaris (Talukdar, 2012), Cicer arietinum 
(Ahmad et al. 2016), and Arabidopsis thaliana (Li et al. 2016a, b).

To combat Al toxicity in plants, there is frequent use of Ca amendments like 
lime, gypsum, or phosphor-gypsum, and the effect of Ca that is ameliorating the Al 
toxicity has been reported by many authors in various crops especially in acidic soil. 
Meriño-Gergichevich et al. (2010) reviewed the interaction between the Al3+ and 
Ca2+ in acidic soil. Calcium-based amendments lead to formation of less toxic com-
pounds and aluminum hydroxyl sulfate or aluminum sulfate complexes by replace-
ment of Ca2+ with Al3+. Gypsum amendment has been found to be helpful in diluting 
Al toxicity in both tolerant and medium cultivars of blueberries. This is an alterna-
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tive way of liming to ease the long-term Al toxicity in Al-sensitive cultivars besides 
that this provides a plenty source of nutrients like Ca and S (Reyes-Diaz et al. 2011). 
Aluminum and Fe show antagonistic effect on each other. At excess Al in Camellia 
sinensis, iron (Fe) shows an ameliorating effect on its stressful effects. In return, 
exposure to Al under excess Fe treatment reduced its toxic effect on lateral roots and 
young leaves. Citrate is a common chelating agent for both Al and Fe for their 
uptake in plants. Therefore, during the metal uptake, competition occurs between Al 
and Fe (Hajiboland et  al. 2013). When exogenously applied, Fe facilitates the 
 accumulation of Fe oxide or promotes the formation of Fe plaque in rice roots and 
thus reduces As uptake as well as increase the coprecipitation of Fe and As. Due to 
the formation of a barrier, i.e., Fe plaque, which consists of mostly siderite (5%), 
goethite (32%), and ferrihydrite (63%), the availability of As gets reduced on the 
root surface; as a result, the subsequent translocation also decreased (Liu et  al. 
2004a, b; Nath et al. 2014).

Pretreatment with P ameliorates Al toxicity in rice (Nakagawa et al. 2003), and 
it is due to the formation of aluminum phosphates in roots. Lu et al. (2010) carried 
out a vivid field study regarding the status of P in rice shoots across the rice fields of 
China and found that P content can effectively reduce As content in grain. Neupane 
and Donahoe (2013) found that co-application of Ca along with P can stimulate the 
formation of Ca-P complex that can effectively decrease As content in rice grain. 
According to the opinion of Lee et al. (2016), the antagonistic behavior existing 
among P and As that finally restricts As mobility and uptake by rice plant, is due to 
structural and behavioral similarity, which leads to competition among P and As for 
absorption, which reduces the translocation of As from the root to the shoot.

Boron (B) is an essential micronutrient for plants; less B causes deficiency, while 
excess causes toxicity. There is a very thin line of B concentration between defi-
ciency and toxicity. When in appropriate amount, B also helps in alleviation of 
heavy metal toxicity. It acts by encouraging the root alkalization in transition zone 
via polar auxin transport as reported by Li et al. (2018a, b). Boron boosts up the 
transport of polar auxin by a transporter gene called auxin efflux transporter PIN2. 
This contributes to the downregulation of plasma membrane H+-ATPase and leads 
to increase in pH which results in decrease of Al accumulation in the targeted root 
zone. The study elucidated an important mechanism for the function of exogenous 
boron in attenuation of Al deposition and toxicity in plants.

Nitric oxide (NO) is an ameliorating agent which is widely used in plants under 
heavy metals toxicity in many. Generally, nitric oxide (NO) is a gaseous free radi-
cal, and it governs diverse physiological and biochemical activities in plants under 
stressful and non-stressful environment. Nitric oxide is well-known biological mes-
senger in plant tissues, which governs many growth and development processes. 
Several reports have found that exogenous application of NO in the form of sodium 
nitroprusside (SNP) increases plant tolerance against oxidative stress elicited by 
heavy metals particularly Hg and Cd (Chen et al. 2015; Liu et al. 2015). NO as a 
stress retardant has been elucidated in Oryza sativa (Chen et  al. 2015), Triticum 
aestivum (Tripathi et al. 2017), and Carthamus tinctorius (Namdjoyan et al. 2017).
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Hydrogen sulfide (H2S) is also known to alleviate the heavy metal toxicity in 
plants from Cu, Al, Cd, and Zn (Chen et al. 2013; Liu et al. 2016; Mostofa et al. 
2015; Zhang et al. 2008). H2S helps to reduce MDA, H2O2, and electron leakage 
along with promotion of plant growth chlorophyll content, net photosynthetic rate, 
and ultrastructural changes. H2S has been reported to attenuate metal stress through 
exogenous application in Brassica oleracea (Chen et al. 2018a, b), Brassica napus 
(Ali et al. 2014a; Ali et al. 2014b; Ali et al. 2014c), Sesamum indicum (Amooaghaie 
and Enteshari 2017), and Zea mays (Zanganeh et al. 2018).

2.3  Microbial Amendments

Soil microorganisms are one of the essential parts of soil ecosystem and act by 
transforming and degrading a wide range of pollutants, ultimately maintaining the 
soil productivity and ecological functions. Besides the inanimate amendments as 
discussed above, soil microorganisms have also got important role to play in allevia-
tion of heavy metal toxicity in plants.

Arbuscular mycorrhizal fungi (AMF) are widely available soil microorganisms 
that can establish mutual symbiosis with almost 80% of terrestrial plant families. 
AMF can be tolerant under harsh conditions including legacy stressor. AMF also 
have important part to play in metal tolerance, through sequestration, by mediating 
interaction between metals and plant roots. Generally, AMF develop glomalin, an 
alkaline-soluble glycoprotein extracted from the soil, which interacts with heavy 
metals to form metal-chelated compound (Saini et  al. 2017). AMF have been 
reported to ameliorate zinc toxicity in Trigonella foenum-graecum (Saini et  al. 
2017), Cajanus cajan L. Mill. (Garg and Singh 2018), Sorghum bicolor L. (Wang 
et al. 2018a, b), Solanum lycopersicum L. cv. Micro-Tom (Ibiang et al. 2018), and 
Zea mays (Wang et al. 2016).

Under aerobic condition, there is large amount of insoluble form of Fe3+, which 
is not a suitable form for uptake. In a situation like this, most of the bacteria are 
responsible for the production of phytosiderophore, which act as the chelators. The 
siderophores are the small molecular iron-binding protein (Vegan et al. 2016). In 
both dicotyledonous (e.g., sunflower) and monocotyledonous (e.g., rice), the pres-
ence of such microorganisms has been reported. Few of the bacterial strains reported 
for the same are Burkholderia, Enterobacter, Klebsiella, Citrobacter, etc. (Souza 
et al. 2015). Therefore, these plant growth-promoting bacteria contribute in nutri-
tion sustenance of crops. Under low pH, it has also been reported that coprecipita-
tion of trace metals occur with the hydrous oxides of Fe and Mn (Charlatchka and 
Cambier, 2000). Based on these results, some of the Fe (III) reducing bacteria have 
been reported, which can tolerate other heavy metal contaminations in the soil. This 
phenomenon can easily be utilized for the plants, which faces trace metal (Cd, Cu, 
Ni, and Zn) toxicity.

Soil microorganisms (Bacillus sp., Rhodococcus sp., Halobacterium sp.) detox-
ify arsenic species through sorption at their extracellular surface, which have uronic 
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acids, proteins, and amino sugars with high hydrogen-bonding potential (Huang 
2014; Williams et al. 2013; Yang et al. 2012). Whereas the arbuscular mycorrhizal 
fungi protect the crop plants from As-induced adverse effects by downregulating the 
mRNA expression of OsLsi1 and OsLsi2, as a result, translocation of arsenite also 
gets decreased in the aerial part (Chen et al. 2012).
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Abstract Crop production is limited by various kinds of diseases throughout the 
world. The increasing climatic and environmental changes further add to the inten-
sity and severity of diseases in plants. This has created the need for better under-
standing of various diseases, their mode of spread, level and mechanism of damage, 
and causes and risk factors in plants. At the same time, there is a need of explanation 
of plant responses to diseases and their levels and mechanism of tolerance to dis-
eases. The common disease-causing agents are fungi, bacteria, viruses, and nema-
todes. And the major crop diseases are powdery mildew, downy mildew, Fusarium 
wilt, and Fusarium root rot that severely damaged and are very common among 
main crop species of important families especially Poaceae, Cucurbitaceae, 
Solanaceae, and Fabaceae. However, understanding plant’s natural adaptation and 
tolerance to diseases by improving the constitutive and inducible factors has pro-
gressed prominently. With the passage of time, the demands of better quality food 
with enhanced supplies are increasing. There is a need to introduce potential syn-
thetic methods that trigger priming of plant tolerance to diseases. Studies have 
shown that fungal diseases are the most widespread among them and cause great 
losses in most of the crop species. Keeping in view the current situation, a lot of 
practices have been adopted for inducing disease tolerance in plants. However, the 
traditional crop production practices are not up to mark. Plant biologists are in 
search of innovative techniques for suitable crop improvements or ways to alleviate 
disease stresses for achieving the crop production goals. Currently, seed priming has 
gained a substantial attention due to its crucial role in plant growth and develop-
ment. Furthermore, the effects of seed priming in disease tolerance in plants are 
evident since many years. The review of studies has described that different seed 
priming methods can be used for enhancing disease tolerance in plants. Biopriming 
and hormonal priming are the most appropriate and effective one. Study of mecha-
nisms of disease tolerance shows that mostly the formation of signaling molecules 
e.g. salicylic acid (SA) and jasmonic acid (JA) are involved, however, β-aminobutyric 
acid and azelaic acid have also been reported to be involved in disease tolerance. 
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Their involvement in defense-related gene expression and in regulation of disease- 
induced reactive oxygen species (ROS) is clearly noted. However, salicylic acid has 
diverse roles in physiological changes of lignification and suberization and bio-
chemical functions. Generally, the enzymes involved in seed priming-induced dis-
ease tolerance are phenol oxidase, tyrosine ammonia lyase and phenylalanine 
ammonia lyase, and antioxidant enzymes, superoxide dismutase, catalase, and per-
oxidase. Moreover, glucanase, peroxidase, and chitinase are also involved in disease 
tolerance in plants. However, their nature and amounts depend upon the disease 
type, plant species, and seed priming method. The main proteins participating in 
disease tolerance in plants are NPR1, NPR3, and NPR4 that act as salicylic acid 
receptors; however NPR1 is a bona fide salicylic acid-binding agent. The pathways 
in the inducing disease tolerance in plants are mainly the salicylic acid-dependent 
pathways. However, salicylic acid-independent pathway or combinations of both 
have also been found. In this chapter, we review current progress in the seed prim-
ing research in broader context of disease tolerance in plants and discuss its protec-
tive mechanisms of plants toward disease tolerance.

Keywords Seed priming · Disease tolerance · Plants · Growth · Salicylic acid · 
Jasmonic acid

Abbreviations

2DE Two-dimensional electrophoresis
ABA Abscisic acid
alfAFP Alfalfa antifungal peptide
AVRFOM2 Avirulence fusarium oxysporum melonis
AZA Azelaic acid
BS Bacillus subtilis
cDNA Complementary DNA
CF Culture filtrate
CFU Colony-forming units
C-PTIO 2-4-Carboxyphenyl-4,4,5,5 tetrazoline-1-oxyl-3-oxide potassium 

salt
CS Conidial suspension
FA Fusaric acid
GSH Glutathione
HRGPs Hydroxyproline-rich glycoproteins
ICS Isochorismate synthase
LAR Local acquired resistance
LCF Lyophilized culture filtrate
MeJA Methyl jasmonic acid
MS Mass spectroscopy
MS Methyl salicylate
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NADP-ME Nicotine amide diamine penta acetic acid-maleic enzyme
NHP N-Hydroxypipecolic acid
NO Nitric oxide
N2O Nitrous oxide
OMWW Olive mill waste water
PAL Phenylalanine ammonia lyase
PEG Polyethylene glycol
pf1 Pseudomonas fluorescens 1
PGPF Plant growth-promoting fungus
PGPRS Plant growth-promoting rhizobacteria
POX Peroxidase
PR Pathogenesis-related
RCM Raw cow milk
RNA Ribonucleic acid
ROS Reactive oxygen species
SA Salicylic acid
SAR Systematically induced resistance
SNP Sodium nitroprusside
TGA TGA factors that bind specially to variants of the palindrome 

TGACGTCA
TMV Tobacco mosaic virus

1  Introduction

According to estimates, the world population will increase by one third that will 
need 70% more food for ensuring food security (Noble and Ruaysoongnern 2010). 
This goal will be accomplished only if the efforts are done for improving agricul-
tural production from existing land resources. Moreover, uninterrupted climate 
changes unfavorably affect the crops from various stresses and diseases. The disease 
can be defined as the structural or functional disorder of particular system of plants. 
Diseases are mainly caused by various agents that become active as they find a suit-
able environment and damage crops (Medda et al. 2015). The commonly known 
diseases are rust, wilt, blast, blight, canker, decay, and root diseases which represent 
the widely found diseases in main crop species causing a major reduction in yield. 
The diseases also deteriorate the quality of the remaining harvested produce (Medda 
et al. 2015). Conventionally, pesticides are used for controlling disease attacks that 
incur a lot of expenses. Additionally, the use of pesticides adds to environmental 
pollution and exerts toxic effects on human health. Although all kinds of diseases 
have detrimental effects on plants, the fungal diseases are the most commonly pre-
vailing diseases. Their damage to plants in most of plant species is very fast.

Under the current scenario, one of the major aspects of disease management is to 
understand the mechanism of disease spread, the tolerance levels of plants, and the 
mechanisms involved. The studies show that plants differ in nature with respect to 
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their responses to diseases. Plants can be classified as discriminative susceptible to 
diseases, resistant to diseases, or tolerant to diseases. While other are resistant to 
one type of diseases and tolerant to the other types of diseases, plants may also be 
moderately resistant and delay the occurrence of diseases. The plant mechanisms to 
defend against pathogens include resistance, i.e., the ability of the host to limit 
pathogen multiplication or the growth and the infection of pathogen is inhibited by 
the plant (Agrawal et al. 1999), or resistance means that a plant completely immu-
nizes itself from a particular disease stress (Horns and Hood 2012). Briefly, the 
classification of disease resistance can be explained by (a) exclusion, (b) escape, (c) 
host-parasitic interactions, and (d) endurance or tolerance of a given level of disease 
(Caldwell 1934).

Tolerance in literature has been described as an intermediate level of an observ-
able resistance or an endurance somewhat between full susceptibility and immu-
nity; however, using both names is confusing. Tolerance is a phenomenon in which 
severe disease is endured by plants without significantly  losing yield or quality 
(Caldwell 1934). Plants can only endure the tolerance when the yield loss is not 
directly related to disease severity. The product or yield is one aspect of plant and 
classical expression of disease is another aspect. In other words, the disease toler-
ance can be described as the cultivars equivalent in diseases but different loss of 
yield or the loss of quality. Conversely, when more susceptible cultivars are sown 
and they have different levels of disease but have similar reduction in yield or qual-
ity. Tolerance is the ability of the host to minimize the consequences of infection on 
its fitness regardless of the level of severity of pathogen attack (Råberg 2014). The 
proof of tolerance can be established by the claim that a tolerant cultivar is at least 
as vulnerable as the less tolerant one. Higher or better response of a visibly tolerant 
cultivar could result from the resistance which is significantly low to be easily rec-
ognized. Short-term and/or long-term benefits may be provided by the resistance 
and tolerance. However, different epidemiological concerns are involved and thus 
the different evolutionary behaviors are shown by the plants. The global challenge 
from infectious diseases has prompted the progression of varied host tolerance. 
Enhanced susceptibility of plants to certain diseases or evolution of pests results in 
economic losses due to diseases. Compared to disease resistance, plant tolerance to 
diseases is the ability of the plant to restrain, tolerate, or recover from the insect’s 
attacks under the situations that otherwise typically cause huge amount of damage 
to other plants of the same species. Tolerance in terms of agricultural production 
means that despite stress from a disease, the production levels will remain above the 
economic threshold or yields and are greater than controls. Tolerance can overcome 
diseases in susceptible plants (i.e., neither tolerant nor resistant) with higher cost 
than resistance. Tolerance provides comparable direct benefits to the host, because 
tolerant hosts are under higher disease burden as compared with susceptible com-
petitors. Under such scenario, with high cost of inputs and evolution of pests, there 
is dire need to induce tolerance in plants against diseases for high plant production 
(Horns and Hood 2012).

With the passage of time, researchers have adopted various practices for inducing 
disease tolerance in plants. They are comprised of modern methods like genetic 
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engineering, polyploidy breeding, mutation breeding, and conventional methods of 
selection and hybridization. However, the genetically inherited characteristics can 
also influence the ultimate level of damage which can be caused by a particular. 
From the research, it is clear that the introduction of transgenes into breeding pro-
grams is not very simple and easy (Flowers et al. 1997). For this reason, such as 
pleiotropy and gene silencing, it looks very difficult to keep on track the process of 
plant breeding with the same precision with which the selection of the gene was 
started. Some of the examples are briefly described as follows: expression of the 
alfAFP peptide in the transgenic potato crop provides high resistance in the green-
house against disease Verticillium wilt. More importantly, the resistance is also 
maintained under field conditions (Gao et al. 2000). Various efforts have been done 
to produce the transgenic plants that can survive in various kinds of stresses. In this 
regard, genetic engineering carries the potential, for which one can call it consider-
ably fast and predictable in its outcome (Gust et  al. 2010). Thus, the difference 
between the tolerant and susceptible cultivars is that both show signs and symptoms, 
but the tolerant cultivar shows less damage due to the infection. Tolerance is the abil-
ity of a host plant to survive and give better yields at the level of infection that can 
cause economic loss to other varieties of the same host species (Rahman et al. 2017).

In response to any external stimuli, it shows many changes at transcriptional, 
physiological, metabolic, and epigenetic levels. The phase or the stage of plant is 
called the priming phase. The plant, depending upon the level of challenge, effi-
ciently shows a quick and strong defense response. This stage is called the primed 
state after experiencing the challenge and results in higher resistance and/or stress 
tolerance. The priming effect can be pronounced that it can persist throughout the 
life cycle of plant. It can also be transmitted to the next generations that may be 
described as immunological memory. Priming tolerance to diseases and/or direct 
tolerance to diseases is a major opportunity to achieve the targets of crop produc-
tion. While in the aforementioned methods of inducing tolerance to diseases, the 
large demands of energy and man power have limited the use of conservative tech-
niques. In addition to this major disadvantage, these methods are also expensive and 
burdensome. The biosafety regulations and restrictions check the introduction of 
transgenic crops into the field. Stimuli from the beneficial microbes, arthropods or 
pathogens, chemicals, and abiotic signals, pathogens can act as warning signals trig-
gering the establishment of priming. Multiplication of pathogen or disease is termed 
as infection. For example tolerance means that some lines with 65–100% rust show-
ing 44.5% yield reduction whereas yields of others with the same amount of rust 
were down only 9.5%.

The review of previous studies has created the need of understanding the most 
economical and feasible technique, seed priming. Seed priming is nowadays being 
preferred for inducing disease tolerance in plants. The induction of a particular 
physiological state or biochemical reactions in plants is possible by the treatment of 
seeds before germination with natural and synthetic compounds. The primed state 
of a plant is that when a plant is able to better activate defense responses faster 
(Beckers and Conrath 2007). Seed priming method involved in disease tolerance is 
drum priming, in which precise amount of water is used to get hydrated seeds. The 
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limitations are that water should be enough for imbibition. There is at least wastage 
of resources in drum priming as compared with matric priming or osmopriming 
ensuring enhancement of performance of seed. Drum priming has four phases. 
Calibration is the process of calibrating an appropriate amount of water required for 
seed hydration. In this priming method, appropriate temperature of sterilized dis-
tilled water is maintained, seeds are immersed in water, and duration of hydroprim-
ing is determined by controlling the seed imbibition during germination (Kaya et al. 
2006). Hydropriming of maize seeds with plant extracts is effective against toxi-
genic fungi and improves seed quality parameters (Ayaz et al. 2014). Solid matrix 
priming or matri conditioning is a type of priming in which the priming agent is a 
solid matrix instead of an osmotic solution.

Redox priming: the cellular redox state is very important and plays a significant 
role in key processes of plant growth and development. This is also known to induce 
the disease tolerance in plants. The redox state of plants is modified in response to 
any external stimuli, and the extent of change is dependent on the nature of stimuli. 
The redox state changes depend upon the dose, time, and nature of stimuli itself and 
the ability of plants to tolerate diseases (Jisha et  al. 2013). The seed vigor, seed 
germination, and seedling vigor are improved with UV rays, gamma rays, gamma 
X-rays, and magneto-priming; however there are concerns of knowledge of expo-
sure time duration and doses of these radiations (Aruajo et al. 2016). The enhancing 
of microorganisms by priming the seed with beneficial microorganisms is also 
known as biopriming. The use of plant growth regulators and hormones during 
priming and other presowing treatments has also known to affect the growth and 
yield of various crops.

Seed priming enables the plants to have quick cellular responses against dis-
eases. Plants tolerate against diseases and ultimately the plants’ growth and yield 
are enhanced (Jisha et al. 2013). Characteristics produced during the seed priming 
are transferred to the next generation (Lal et al. 2018). However, there is a need to 
identify the suitable techniques of seed priming that enhance and ensure tolerance 
levels of plants against diseases. The objective of this chapter is to enhance our 
understanding of particular diseases, their mechanisms, and the sustainable, eco-
nomical, and efficient seed priming methods involved in disease tolerance in plants. 
Furthermore, we discuss progress till now to understand the functions of seed prim-
ing and the responses of plants as a result of diseases, in the developments of plants 
and plant productions. Moreover, seed priming can induce changes in biochemical 
and physiological mechanisms which are involved in disease tolerance and signal 
transduction toward tolerance to diseases.

2  Disease and Causes/Factors of Diseases in Plants

The crop yield and quality are extremely threatened by diseases. The main disease- 
causing agents are fungi, bacteria, viruses, and nematodes. However, some insects 
also carry fungi, bacteria, viruses, and nematodes. However, indirectly, the insects 
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can also be carriers of fungi, bacteria, and virus that cause diseases (Medda et al. 
2015). Diseases are major factor in decreasing crop yields. However, the extent of 
damage depends upon crop species, pathogen intensity, environmental conditions, 
etc. The following fungal diseases are very common: downy mildew, powdery mil-
dew, Fusarium wilt, Fusarium root rot, etc. especially in families Poaceae, 
Cucurbitaceae, Solanaceae, and Fabaceae. The abiotic factors like temperature, 
humidity, and radiations support the proliferation of diseases. These diseases can 
spread in plants only if the plants are susceptible to these diseases.

3  Seed Priming and Disease Tolerance in Plants

Seed priming has emerged as a sustainable strategy in diseases and stress manage-
ment without heavily affecting the fitness of plants (Fig. 1). The method of seed 
priming can be described as follows: the seeds are dried after seed priming and the 
seed germination is rapid when they are re-imbibed under normal or stress condi-
tions (Table 1). When diseases attack on plants raised from primed seeds, the plants 
exhibit instant cellular responses against diseases. The tolerance of plants against 
diseases that are grown from primed seed is through various cellular and metabolic 
pathways. Several signaling networks are also involved (Van et  al. 2006). Seed 
priming produces appropriate developmental and physiological processes in plants 
that enable to adapt to their environment. There is evidence of production of 
abscisic acid, gibberellic acid, and ethylene by  plant growth promoting  
fungi (Chanclud et al. 2016). Seed priming has been found to improve seed germi-
nation, photosynthesis, seedling vigor, cell wall lignification, and suberization. 

Fig. 1 Series of steps during disease tolerance in plants by seed priming adopted from (Hossain 
et al. 2015; Caarls et al. 2015; Vlot et al. 2009)
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Table 1 Seed priming methods used for disease tolerance in plants

Disease Plants species Seed priming References

Pythium ultimum Zea mays Biopriming Callan et al. (1990)
Verticillium wilt Brassica napus Biopriming Muller and Berg 

(2008)
Downy mildew Pennisetum 

glaucum
Biopriming Raj et al. (2004)

Powdery mildew 
disease

Tomato Jasmonic acid or β-aminobutyric 
acid

Worrall et al. 
(2012)

Defense gene 
expression 
against diseases

Arabidopsis Salicylic acid Wildermuth et al. 
(2001)

Rice sheath blight Rice Powdered form of Pseudomonas 
fluorescens pf1

Vidhyasekaran and 
Muthamilan (1999)

Ragi blast disease Ragi Pseudomonas fluorescens isolate 
(JUP 121)

Patil (2016)

Fusarium solani Potato (Solanum 
tuberosum)

Olive oil mill waste (OMW), 
olive pomace, coffee grounds, 
and phosphogypsum (0, 10, and 
30%)

Samet et al. (2018)

Downy mildew Pearl millet 
(Pennisetum 
glaucum) cultivar 
HB3

Priming with trehalose sugar 
200 mM

Govinda et al. 
(2016)

Downy mildew Rice Bacillus subtilis and rutin Singh et al. (2016)
Early blight of 
tomato

Tomato PGPRS priming Babu et al. (2015)

Pythium ultimum ? PGPRS Ayaz et al. (2014)
Faba bean root 
rot disease

Faba bean Calcium chloride or benzoic acid Abdel-Kader et al. 
(2015)

Downy mildew Pearl millet Plant growth-promoting fungus 
P. oxalicum

Murali and 
Amurthesh (2015)

Downy mildew Pearl millet Raw cow milk and five enzymes Sudisha 
et al. (2011)

Downy mildew Pearl millet ß-aminobutyric acid and 
Pseudomonas Fluorescence

Anup et al. (2015)

Downy mildew Pearl millet Glycine betaine (30 mg mL−1) Lavanya 
and Amruthesh 
(2017)

Downy mildew Pearl millet Nitric oxide (NO) donors, 2 
nitroso-1-naphthol, nitroso-R-salt 
and sodium nitroprusside (SNP)

Govind et al. 
(2016)

Bacterial blight 
disease

Rice Methyl salicylate (an analogous 
of SA)

Kalaivani et al. 
(2016)

These characteristics assist the plants to resist and/or tolerate diseases and to 
improve plant growth and yield. The plants from primed seeds are able to tolerate 
the diseases at minimal associated costs. Seed priming promotes direct activation 
of defense and/or priming of defense (Van et al. 2006). Many of the mechanisms of 
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disease tolerance are poorly understood. Generally, it is known that it includes the 
expression of increased expression of transcription factors and signaling proteins 
(Pieterse et al. 2009).

3.1  Seed Priming Methods

3.1.1  Physical Method

Types of seed priming that involves physical methods are called physical seed prim-
ing methods. Out of the physical seed priming methods, hydropriming is a quite 
easy, economical, and harmless technique. It increases the ability of seeds toward 
better seedling establishment, disease tolerance, and ultimately plant production 
(Kaur and Kapoor 2002).

 1. Hydration: The appropriate time period during which the seed is properly 
hydrated or attains a desired moisture level.

 2. Incubation: Depending upon plant species, the seed is incubated for a certain 
period of time, e.g., 14 days.

 3. Drying: The added water is removed so that seed reaches to its original water 
content. Thermo-priming: In this technique, seed is undergone through the pro-
cess of different temperatures.

Along with other stages of plant growth, seed’s germination and health are also 
affected by low or high temperature. The behavior of seed changes with the tem-
perature, moisture, and physical method of seed priming adopted.

3.1.2  Chemical Method

In this method of seed priming, priming with chemical(s) is involved instead of 
physical method of seed priming. In nutrient priming, solutions of different nutri-
ents are prepared. These nutrient solutions of different concentrations serve differ-
ent purposes when used in seed priming. There are a lot of evidences of their 
contribution in disease tolerance in plants (Shah et al. 2012).

3.1.3  Biological Method

In this method of seed priming, the biological approaches are used for disease toler-
ance in plants. Biopriming is multipurpose and induces tolerance in plants via dif-
ferent mechanisms; i.e., the plants produce phytohormones and stimulate immunity, 
and various genes are expressed to different levels that enhance plant growth param-
eters. Various other processes such as antibiosis, mycoparasitism, induced phenolic 
production, activation of antioxidant enzymes, and systematic defense activation in 
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host plants are also triggered (Arora et al. 2013). Only few studies have been con-
ducted on seed priming and disease tolerance. However, a considerable research has 
been conducted on seed priming and disease resistance. Studies have shown the 
acceptable results of seed priming on the defense (resistance and tolerance) against 
diseases in plants.

4  Common Diseases in Important Plant Species and Seed 
Priming for Inducing Disease Tolerance in Plants

Common diseases, their general mode, and mechanism of damage in economically 
important crop members are described in a comprehensive way. Common diseases, 
their mechanism of spread, and suitable seed priming for inducing disease tolerance 
are shown in Table 1.

4.1  Downy Mildew

Downy mildew is very common in most of the economically important crops. Its 
causal organism is airborne and causes severe damage in important crops. These 
losses are expected to increase in the future due to changing environmental condi-
tions. The downy mildew of pearl millet (family Gramineae) is also known as green 
ear disease and is the most important factor reducing yield. Downy mildew is spread 
by an obligate biograph Sclerospora graminicola. This disease can cause yield 
reduction up to 8%. Symptoms of downy mildew-affected plants are; formation of 
powder material deposits on the axial surface of leaves, reduced transpiration, chlo-
rosis, and growth retardation. The inflorescence appears like leaves not like leaf true 
flowers. Under stress conditions, the pathogens are preserved in the form of oomy-
cetes in soil. As favorable temperature persists that normally ranges from 22 to 25% 
and optimal relative humidity approaches to 95–100%, the dormant oomycetes are 
transformed into zoospore form, infecting the plant roots. This disease is predomi-
nant in young seedlings of pearl millet and has also been found at later stages. 
Significant outcomes of seed priming on disease endurance in pearl millet plants are 
evident from previous studies; however their mechanisms of action are different. 
The 2DE-MS/MS technique was used to study the proteins, such as priming of 
seeds of pearl millet with β-aminobutyric acid and Pseudomonas fluorescens. This 
approach further explained the disease tolerance mechanism induced by seed prim-
ing with β-aminobutyric acid and Pseudomonas fluorescens. The analysis reveals 
that about 63 proteins are stored that are linked with the defense by manipulation of 
energy, metabolism, and stress levels. Further this study elaborates that the disease 
influences the protein dynamics of crop (Anup et al. 2015). Seed priming with chi-
tosan and Pseudomonas fluorescens is effective; however the mechanism of 
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inducing tolerance is different. The study shows that this was due to buildup of the 
levels of hydroxyproline-rich glycoproteins (HRGPs) in the cell walls of coleoptiles 
after 9 h of seed priming. Maximum HRGPs were found in seedlings. The enzymes 
peroxidase and hydrogen peroxide play a role in cross-linking HRGP. The chitosan 
treatment resulted in tissue-specific accumulation of HRGP in the regions around 
vascular bundles (Sujeeth et  al. 2010). Seed priming with nitric oxide donors 
(nitroso-R-salt, 2-nitroso-1-naphthol, and sodium nitroprusside (SNP)) induces tol-
erance against downy mildew. This increases the reactive oxygen species H2O2. 
Priming of seed with aqueous SNP or without polyethylene glycol (PEG) was the 
best to enable the tolerance against downy mildew in field experiments and in green-
house. However, seed priming did not show any adverse effects on plant or patho-
gen. It took a minimum of 3 days after elicitor treatment or subsequent pathogen 
inoculation to induce resistance (Manjunatha et al. 2008a, b). Raw cow milk (RCM) 
and five different amino acids enabled the pearl millet to tolerate against downy 
mildew by modulation of physiological and biochemical responses in vitro and in 
the field. Additionally, they also improved the seed germination and seedling vigor 
to a great considerable level. It was noted that tolerance against downy mildew was 
56% with L-proline, 67% with L-isoleucine, and 69% with L-phenylalanine than 
control under greenhouse conditions. The tolerance against downy mildew by RCM 
is a dose-dependent matter. Among RCM treatments, 10% dilution of RCM enabled 
the plants to tolerate downy mildew up to 35%. In addition, the growth and yield 
were also increased over control. In field trials, the effects were comparable, and 
seeds primed with RCM showed better vegetative and growth parameters. Seed 
priming also improved reproductive parameters and yield as compared with those 
primed with distilled water (control) (Sudisha et  al. 2011). The plant growth- 
promoting fungus (PGPF) Penicillium oxalicum was screened from the rhizosphere 
of pearl millet. Seeds of susceptible variety of pearl millet were primed with PGPF 
inducing (CS, CF, and LCF), all the inducers in the presence of downy mildew 
enhanced plant growth. CS-primed seeds produced germination of 91% and seed-
ling vigor up to 1427, better than LCF and LC. Temporal studies showed that it took 
the plants a minimum of 3 days to induce tolerance against downy mildew that was 
maintained thereafter. The disease tolerance levels varied under different growing 
conditions. The inducers produced significant tolerance against downy mildew 
under greenhouse (58%) and field conditions (62%). The enzymes peroxidase and 
chitinase have significant contributions (Murali and Amruthesh 2015).  Three 
days of seed priming of pearl millet seed with glycinebetaines at concentration of 
30 mg mL−1 solution up to 6 h significantly enhanced the seed germination and 
seedling vigor by enhancing the protection against downy mildew (Lavanya and 
Amruthesh 2017). Seed priming with nitric oxide, a scavenger 2-4-carboxyphenyl-
 4,4,5,5 tetrazoline-1-oxyl-3-oxide potassium salt (cPTIO) is relatively enhanced the 
susceptibility of plants to pathogens. Conversely, expression of prime defense reac-
tions like hypersensitive response, lignin deposition, and defense enzyme, e.g., phe-
nylalanine ammonia lyase (PAL−EC 4.3.1.5), was enhanced by NO-donor 
treatments (Manjunatha et al. 2008a, b). Downy mildew of cucumber affects the leaf 
transpiration (Oerke et  al. 2006). Review of studies shows that changes in the 
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transpiration rate and metabolic activities of cucumber (family Cucurbitaceae) 
leaves during downy mildew attack were similar to those members of family 
Gramineae (Oerke et al. 2006). Variable effects of different seed priming treatments 
under different growing systems have been described. Priming of seeds with treha-
lose at 200  mM for 9  h protects the plants from downy mildew up to 70.25%. 
However, only 67.25% has downy mildew disease protection under field conditions. 
The severity of disease was 32.5% greater than those plants in control (Govind et al. 
2016).

4.2  Powdery Mildew

Seed priming with JA and BABA enables the plants to tolerate against powdery 
mildew (Baccelli and Mauch-Mani 2016). Seed priming of cucumber with 
acibenzolar- S-methyl (ASM) induced resistance in cucumber against powdery mil-
dew (Ramasay et al. 2015).

4.3  Fusarium Wilt

Fusarium wilt is found in most of the commonly and economically important crops. 
It spreads with causal organisms of Fusarium species, a fungus that is soil based. It 
has devastating effects on the crops reducing their yield. It spreads during rainy 
season or excessive wetness in soil over longer time or favorable conditions for its 
propagation. Symptoms of Fusarium wilt in plants are almost similar with minor 
differences. Many factors contribute in disease spread, e.g., pathogen intensity in 
soil, prevalent weather, nutrients, and plant’s susceptibility to diseases. The main 
symptom of Fusarium wilt is that vines lose turgor pressure during attack. During 
minor attacks, vines may recover during the evening, and during severe attacks, 
vines may sooner or later wilt forever. During Fusarium wilt spread by Fusarium 
oxysporum infection in cucumber (family Cucurbitaceae), the hyphae block the 
xylem and phloem in stem and root attacks that reduce hydraulic conductance. 
Moreover, there is an increase in the number of nonstomatal pores that enhance the 
transpiration and increase the water loss, leading to plant death. The stomatal con-
ductance of gases and transpiration rate (E) of infected plants are higher than healthy 
plant. Furthermore, there is positive correlation between leaf membrane injury and 
exchange of gas. The study of mechanism of spread shows that fusaric acid (FA) 
accumulation is the common reason for nonstomatal injury in leaves and nonstoma-
tal water loss in plants infected with Fusarium wilt in most of the members of the 
studied families. During Fusarium wilt of cucumber attack, the cells of plants are 
damaged by fungi and uncontrolled loss of water starts (Wang et al. 2015).

Soil infestation with Fusarium solani results in diseased cucumber plants and 
yield loss in range of 17–54%. Seed priming with bacterial strains was found effec-
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tive, and five strains of bacteria reduced this disease up to 10%, enhancing cucum-
ber yield up to 9–32% (Adesemoye and Egamberdieva 2013). Vascular wilt fungi 
(Verticillium dahliae) secrete proteins, e.g., cysteine-rich proteins, necrosis- inducing 
proteins, and enzymes, during host colonization. Some of them are required for 
pathogenicity as reviewed by de Sain and Rep (2015).

In contrary to the Fusarium wilt in cucumber, the symptoms of Fusarium wilt in 
watermelon that came from the same family (family Cucurbitaceae) vary greatly. 
During the start of disease attack, plant leaves appear as dull or gray green and later 
on start losing the turgor pressure, resulting in wilting of plant leaves. After the wilt-
ing of leaves, they become yellow and finally necrosis occurs. The leaves wilt from 
lower to upper younger foliage of plants. When plants start to vine, the initial symp-
toms may start; only one runner may wilt and the rest of the plant may look appar-
ently unaffected. When the severe pathogen attack or when the host is susceptible, 
the entire plant may wilt and die. The surviving plants have considerably low yields. 
Under high inoculum presence, even the seedlings are damped off as they emerge 
from soil. The polulation density of pathogen in  inoculum is function of disease 
severity i.e. 166 colony forming units (CFUs) g−1 soil are necessary to cause wilt and 
367 CFUs are enough to cause 50% wilt (ID50). The minimum amount of inoculum 
necessary to cause wilt was 166 CFU/g soil and that 367 CFU g−1 was enough to 
cause wilt in 50% of the plants (ID50). Studies have shown that 73% of the fields 
have 100-1200 CFUs; this heterogeneity of soil shows that disease severity varies 
and so the different tolerance levels are required in plants (Egel and Martyn 2007).

Fusarium root and stem rot are very common and severe diseases in melon. 
During the comparison of susceptible and resistant successions of the melon to root 
and stem rot, the microscopic evaluation showed the presence of fungal growth in 
the intercellular spaces of the root and stem as well as in the xylem (Cohen et al. 
2015). Seed priming with β-aminobutyric acid is known to protect against 80 patho-
gens including bacterial, fungal, viral, and nematic diseases and 40 plant species 
(Cohen et  al. 2016). In contrast to cucumber, the mechanism of Fusarium wilt 
spread in tomato is different. However, fusaric acid production is common in all 
kinds of Fusarium wilt and in all plant species. In Fusarium wilt of tomato, the 
fungus produces three kinds of acids, dehydrofusaric acid, fusaric acid, and lycoma-
rasmin, as compared with only fusaric acid in cucumber. In tomato Fusarium wilt, 
the fusaric acid affects differently as compared with its effects in cucumber. 
Production of fusaric acid in Fusarium wilt of tomato (Solanaceae) results in the 
reduction in photosynthesis, change in the color of leaves (from green to greenish 
yellow), flaccid plant cell, and cell death. Fusaric acid results in alteration in many 
proteins (Singh et al. 2017). Pathogen Botrytis cinerea based diseases result necro-
sis in plants. Jasmonic acid (JA) and/or β-aminobutyric acid treatment of tomato 
seeds increases the tolerance against these diseases. Priming effects are long lasting 
and do not adversely affect plant growth and development (Worrall et  al. 2012). 
Tomato seed priming with 0.1 mM methyl jasmonic acid (MeJA), seedlings adapt 
tolerance against Fusarium wilt caused by Fusarium oxysporium. The seedlings 
tolerated for 4 weeks against Fusarium oxysporum f. sp. lycopersici. Methyl jasmo-
nate seed priming with 0.1 mM can be used in practice. The mechanism behind 

G. Mustafa et al.



347

tolerance against Fusarium wilt is that MeJA exogenous application enhances the 
phenolic compounds, e.g., salicylic acid (SA), kaempferol, and quercetin (Król 
et al. 2015).

Potatoes (Solanum tuberosum), an important member of family Poaceae culti-
vated in a greenhouse, were used to screen compost tea-suppressive ability. 
Moreover, they were treated with compost teas by mixing olive oil mill waste water 
(OMWW), olive pomace, coffee grounds, and and were  also  treated by mixing 
with phosphogypsum at the rate of 0, 10, and 30%. They repressed the Fusarium 
solani growth, improving the performance of plants even after disease attack. The 
antagonistic effects of the various treatments were linked with a noticeable rise of 
the antioxidant enzymes and PR (pathogenesis-related) protein expression that led 
to reduction in disease severity (Samet et al. 2018).

4.4  Fusarium Root Rot

Fusarium root rot is very common among crops. Its spread is increasing day by day 
causing economic losses to crops. It has damaging effects on crops and deteriorates the 
crop stand. Even at its initial stage, the yield is significantly reduced. In the leguminous 
plants, seed priming triggers disease tolerance in plants. CaSO4 and CaCl2 enabled the 
bean varieties to tolerate against Fusarium oxysporum (Leyva et al. 2016). Seed prim-
ing with Trichoderma decreased the cowpea root rot pathogens and enhanced growth 
as compared to control (Hamed et al. 2015). Pathogenesis- related protein gene expres-
sion was decreased in the leaves and increased in roots of maize and other cereals 
(family Poaceae) by seed priming with Azospirillum brasilense strains Ab-V5 and 
Ab-V6. They produced acids like salicylic acid, indole acetic acid, and indole lactic 
acid, resulting in improvement of the plant growth (Fukami et al. 2016).

4.5  Different Diseases and Seed Priming for Their Tolerance 
in Plants

Seed priming with Pseudomonas fluorescens pf1 preserved in powdered form 
enhances the bacterial population in rhizosphere. Plants tolerate to rice sheath blight 
and yield is enhanced as compared with control (Vidhyasekaran and Muthamilan 
1999). In the seed priming with Bacillus subtilis (BS) and one picomolar solution of 
rutin, a bioflavonoid enhances the biofilm establishment of bacterium. Additionally, 
in photosynthetic pigments, chlorophyll and carotenoid are enhanced, and root and 
shoot lengths are increased. Moreover, increase in phenolic and flavonoid was 
detected in the leaves. Fluorescent microscopic images show that BS plus rutin 
enhances callose deposition in the leaves. The amendment of rutin with Bacillus 
subtilis further has added advantage of reducing the formation of reactive oxygen 
species (ROS) in BS plus rutin-treated rice plants. This further explains that rutin 
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scavenges free radicals and better antioxidant potential. Rutin attracts the this bacte-
ria and plant is protected from diseases by its colonizing in plants rhizosphere in rice 
(Singh et al. 2016). Seed priming with thiamine produces stronger and more rapid 
pathogenesis-related (PR) gene expression and enhances the protein kinase C activ-
ity in rice (Oryza sativa) of family Poaceae, Arabidopsis (Arabidopsis thaliana), and 
vegetable crops. Sorghum seed (family Poaceae) priming with Eclipta alba extract 
for 6 h increases yield via two types of mechanisms: hydropriming and an additional 
effect caused by any of the unknown molecules of plant source (Zida et al. 2015).

Seed priming with the formulations of lignite-based powder, talc-based powder, 
wettable powder, lignite/fly ash powder, bentonite paste, poly ethylene glycol 
(PEG), and a water dispersible tablet having a strain of Bacillus subtilis AUB-1 is 
inhibitory to damping off disease. Furthermore, an active rhizosphere colonization 
was observed in tomato plants (Jayaraj et al. 2005). Seed priming with 0.5 mM sali-
cylic acid (SA) enables the brinjal plants to tolerate against Verticillium wilt (family 
Poaceae) than control when tested under greenhouse conditions (Mahesh et  al. 
2017). Bacterial communities colonize cucumber (family Cucurbitaceae) seed sown 
in compost medium after 8 h followed by a 3-h treatment of either rifampicin at 
500 ppm or water when dislodged from seed surfaces and subject to RNA extraction 
and reverse transcription to cDNA (Chen et al. 2012). In Arabidopsis thaliana (fam-
ily Brassicaceae), application of SA to seed suffices to establish SAR, resulting to 
tolerance against diseases (Wildermuth et al. 2001).

Priming of vegetable seed by biocontrol organisms enables the vegetables to 
tolerate against damping off disease in seedlings (Jensen et al. 2016). Seed priming 
of different seeds at various doses with 1–5 mM jasmonic acid does not show any 
change in final germination; however germination delays by 5 days. It is observed 
that in seed priming using jasmonic acid at the conc. of 10 mM, the germination is 
inhibited significantly. Moreover, seed priming with 3 mM jasmonic acid reduces 
the primary root growth relative to controls. This shows that optimum dose matters 
(Wasternack 2007). Seed priming with chitosan, a biopolymer, plants can tolerate 
the fungal and bacterial diseases (Katiyar et al. 2015).

5  Pathway and/or Mechanism of Disease Tolerance in Plants 
by Seed Priming

The primed defense is mostly connected with increase of immunity. Endogenous 
and exogenous signaling molecules induce plant immune responses. Amino acids 
and their metabolites affect the plant’s immune system. The molecular foundations 
of priming tolerance against diseases are not well explained. Efforts have been made 
possible to find molecular basis of defense priming against diseases (Conrath 2011). 
After the occurrence of diseases, the plants tolerate the diseases due to biochemical 
changes, i.e., release of different molecules to signaling network and different 
enzymes that participate in the formation of molecules and pathogenesis-related 
(PR) protein and enzymes and pathogenesis-related (PR) proteins. Mechanisms are 
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different for different seed priming methods or plant species. The physiological 
changes of lignification and suberization during or after the disease attack enable the 
plants to tolerate diseases. Study has shown that phenolic compounds are involved 
in lignification of adjacent cells during disease attack to enable adjacent cells to 
prime tolerance against diseases (Saltveit 2017). The general description of toler-
ance diseases in plants is described as follows. Seed priming induces tolerance in 
plants by various ways; i) in most of the plants by releasing salicylic acid a signaling 
molecule in the sequence of events, ultimately gene expression is trigerred, ii) 
in few plants by releasing jasmonic acid or methyl jasmonates iii) by producing and 
activating antioxidant enzymes glucanase, catalase and peroxidase etc. iv) in some 
of plants species β-aminobutyric acid is released that induces tolerance against many 
diseases. These mechanisms together confer tolerance against diseases in plants.

Review of studies has shown that generally molecules like salicylic acid and/or 
jasmonic acid, azelaic acid, or β-aminobutyric acid are found to involve in tolerance 
against diseases. However, in plant system, many sources work together to produce 
signaling molecules like hormones, proteins, and enzymes that depend upon plant 
species, plant organs, environmental conditions, and signaling pathway in plant. 
Different pathways are involved in different plant species for their disease tolerance 
against diseases. Pathways involved in seed priming induced common disease toler-
ance in plants which are shown in Table 2.

5.1  Salicylic Acid-Dependent Pathway and/or Mechanism 
Disease Tolerance in Plants

Salicylic acid (SA) acts as vital hormone in plant immunity. The most commonly 
produced molecule is SA that has important role in disease tolerance in plants as a 
result of seed priming. Generally, salicylic acid (SA) facilitates plant defenses 

Table 2 Pathways and signaling molecules involved in inducing disease tolerance in plants

Disease Plant species

Seed priming 
treatment or seed 
priming material

Signaling 
molecule/
pathway References

Orobanche 
cumana

Sunflower 1 mM salicylic acid Salicylic acid Yang et al. 
(2016)

Nematodes Tomato Priming with salicylic 
acid and jasmonic 
acid

Salicylic acid Biere and 
Goverse (2016)

Potato virus X 
(SPCP1 strain)

Tomato Salicylic acid Salicylic acid Cueto-Ginzo 
et al. (2016)

Different 
diseases

Tobacco, tomato, 
and Arabidopsis

Salicylic acid Salicylic acid Yang et al. 
(2015)

Fusarium wilt Plants 0.1 mm methyl 
jasmonate

Jasmonic acid Krol et al. 
(2015)
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against pathogens and is released during the pathogen attacks or prior to infection 
in both infected and unaffected leaves as a result of pathogen attack. Salicylic acid 
is prerequisite for pathogenesis-related gene expression and the production of com-
pounds related to both local and systemic acquired resistance (LAR and SAR) in 
plants. Under disease tolerance conditions, plants maintain high salicylic acid levels 
enough to bind pathogenesis-related proteins. The salicylic acid dependent pathway 
for disease spread and disease tolerance in different crops induced by various seed 
priming methods is explained by the infection of Orobanche cumana in sunflower 
(Helianthus annuus), which reduces the endogenous SA level, and the expression of 
SA-related genes including pal and chs is decreased. This also results in reduction 
of plant biomass. Conversely, the release of reactive oxygen species (ROS) is 
increased, which enhances the contents of phenolics, lignin, and activities of anti-
oxidant enzymes. Seeds of sunflower variety (TK0409) are primed with 1 mM sali-
cylic acid and treated with O. cumana for a month. These treatments increase the 
sunflower biomass in the form of fresh weight, dry weight, and plant height by 13%, 
26%, and 10%, respectively. Salicylic acid reduces the biomass and number of 
established O. cumana. The inhibition production of ascorbate peroxidase and cata-
lase by exogenous application of salicylic acid due to rise in production of hydrogen 
peroxide contents to 14% is the reason of increase in biomass (Yang et al. 2016).

In another study, Trichoderma produces SA- and JA-dependent tolerance in roots 
of tomato prior to disease spread. As a result of priming of reaction of hormones, the 
nematode invasion is flexible and depends on parasitism stage. The enhancement of 
endogenous level of salicylic acid depends upon the dose of exogenous salicylic 
acid applied (Biere and Goverse 2016). Salicylic acid effects on the Potato virus X 
(SPCP1 strain)-diseased tomato plants were evaluated by analyzing photosynthesis 
process variation and carbohydrate producing proteins (Cueto-Ginzo et al. 2016). 
Rutin is a member of flavonoid family, and seed priming of tobacco, tomato, and 
Arabidopsis with rutin enables them to tolerate against various diseases by salicylic 
acid signaling pathway (Yang et al. 2015). Salicylic acid enables the plants to mod-
ify their cell wall against diseases (Napoleão et al. 2017). Salicylic acid induces 
lignification in cell wall and alters the cell wall to reduce the entry or damage by 
pathogens (Sattler and Funnell-Harris 2013).

5.1.1  Salicylic Acid Synthesis/Production in Plants

Many different molecules participate in the biosynthesis of salicylic acid. The type 
and source depend on the plant species, plant organs, environmental conditions, and 
signal pathway involved. Many groups reviewed the mechanism of synthesis and 
production of salicylic acid that is discussed as follows. Salicylic acid can be syn-
thesized from phenylalanine in plants (Leon et al. 1995); however, SA could also be 
synthesized when phenylalanine pathway is inhibited (Maunch-Mani et al. 1996). 
The feeding experiments showed that the specific activity of radiolabeled salicylic 
acid was lower than the expectations (Cqouz et al. 1998). Some bacterial strains, 
e.g., Pseudomonas aeruginosa, produce SA. They use isochorismate synthase (ICS) 
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and pyruvate lyase enzymes (Serino et al. 1995). The gene linked with Arabidopsis 
disease tolerance as a result of mutationis is (SID2), this results in the production 
of SA using chorismate via ICS, LAR and SAR responses. This is possible only if 
SA is made by this pathway (Manohar et al. 2015).

5.1.2  Signaling Mechanism of Salicylic Acid

To play a signaling function, a molecule should have required characteristics that 
facilitate its uninterrupted influence on second messengers. Simple structure, small 
dimensions, and high diffusivity are clearly noted in salicylic acid. It is evident from 
different experiments that salicylic acid is an endogenous signal in plants that medi-
ate tolerance to different diseases.

Salicylic acid regulates several biochemical processes, e.g., it binds to 
pathogenesis- related proteins, inhibits the production of ascorbate peroxidase and 
catalase, increases the production of hydrogen peroxide contents, and elicits stress 
protein under disease attack or disease stress conditions. Although the mechanisms 
by which this is carried out is completely unraveled. However, it is evident from 
different sources that under disease stressed conditions, salicylic acid interacts with 
reactive oxygen species (ROS) and glutathione (GSH) (Biere and Goverse 2016).

5.1.3  Interaction Between Salicylic Acid and Other Signaling Molecules

Salicylic acid is produced in plants against disease stress. Under the disease stress, 
salicylic acid acts as signals and ameliorates the disease stress by binding with 
pathogenesis-related proteins. Salicylic acid binds to and alters the activity of patho-
genesis proteins. This represents the shift from the pattern that hormone mediates 
one or few receptors (Klessig 2017). The best effects of SA are found during the 
initial stages of the pathogenesis cycle. Salicylic acid increases proteins related to 
disease tolerance (Cueto-Ginzo et al. 2016). Salicylic acid enhances Pip-43 initiated 
actions to various levels in the distal tissue of systematically acquired resistance 
(SAR) processing plants (Bernsdorff et al. 2015). The sunflower seed treatments 
with 1 mM raise the hydrogen peroxide levels to 14% that is caused by increase of 
hydrogen peroxide level via minimizing levels of ascorbate peroxidase and catalase 
decrease (Yang et al. 2016). Salicylic acid partially counterbalances the decrease in 
photosynthetic rate during disease by improving mesophyll conductance via photo-
system II upgradation in disease-tolerant varieties (Cueto-Ginzo et al. 2016).

Evidences of various proteins are found using biochemical approaches and these 
proteins bind salicylic acid. Mutant screens revealed that protein (NPR1) is a main 
regulator of salicylic acid-based responses. Proteins (NPR3 and NPR4) are the 
actual salicylic acid receptors. NPR3 and NPR4 attach to salicylic acid to control 
NPR1 steadiness. Many different kinds of roles of SA concludes that plants may 
have abundant SA receptors. During pathogen challenge, the SA gradient generated 
at the infection site is sensed by NPR3 and NPR4. As a result, NPR1 is transforms 
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to different molecules at the infection site and bound SA is released on effector- 
based cell decay and defense, whereas NPR1 is stored in surrounding cells to sup-
port cell existence and SA-based resistance by binding SA with proteinsfor future 
release when needed for priming defense (Seyfferth and Tsuda 2014).

5.1.4  Role of Salicylic Acid in Gene Expression and Transcriptional 
Regulation

Seed priming efficient for priming disease tolerance in plants enables the plants to 
produce salicylic acid in plants. Generally salicylic acid regulates the pathogenesis- 
related genes in different plant species; however mechanism of regulation is diverse 
in nature in various plant species. The salicylic acid is involved in the localization 
and/or activity of transcription factors and co-regulators. Thioredoxins and glutare-
doxins mediate the redox changes induced by salicylic acid that modify the tran-
scription regulators. These regulators take part in the downregulation of jasmonic 
acid-triggered genes, NPR1, and transcription factors (TGA) which control their 
appropriate site or DNA attachment potential. Additionally, salicylic acid can pro-
duce negative regulators and can modify histones at DNA level (Caarls et al. 2015). 
The AVRFOM2 gene’s presence in melon helps melon to escape from Fusarium 
wilt and to control plants to tolerate the Fusarium wilt introduced by cultivar forms 
containing this gene (Schmidt et al. 2016).

5.2  Salicylic Acid-Independent Pathway and/or Mechanism 
of Disease Tolerance in Plants

Molecules other than salicylic acid are jasmonates or jasmonic acids that are involved 
but less frequent in the disease tolerance in plants. Methyl jasmonate is able to mod-
ify plant’s cell wall (Napoleao et al. 2017). The molecule β-aminobutyric acid is a 
natural product produced in plants against disease infection or disease attack 
(Thevenet et  al. 2016). Seed priming with methyl jasmonate at 0.1 mM induced 
resistance against Fusarium wilt for 4 weeks (Krol et al. 2015). H2O2 acts as a signal 
transduction pathway as well as in signaling molecule when maintained in proper 
balance between production and scavenging. However, its excess amounts reduce 
the photosynthesis and may lead to cell death as reviewed by Hossain et al. (2015). 
The signal transduction pathway by chitosan priming that stimulates its responses is 
hydrogen peroxide and nitric oxide (Pichyangkura and Chadchawan 2015).
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5.2.1  Jasmonates/Jasmonic Acid Pathway

Jasmonic acid pathway is main in several plant species for tolerance against dis-
eases induced by seed priming in plants (Fu et al. 2015), jasmonic acid pathway is 
involved in disease tolerance in plants however less frequently than salicylic acid 
does (Saltveit 2017).

5.2.2  Jasmonate Biosynthesis/Production

Evidences from previous studies elaborate the mechanism of synthesis and func-
tions of jasmonic acid. Studies explain that enzymes that participate in synthesis of 
jasmonic acid are in crystal form and specified on substrate basis. Fatty acid 
b- oxidation enzymes and 4-Cl-like CoA ligases are well known (Wasternack 2007). 
Two abscisic acid-responsive lipid ligase genes are involved in JA biosynthesis in 
Arabidopsis thaliana (Wang et al. 2018). Acyl-CoA N-acyltransferase has a role in 
the biogenesis of jasmonic acid in cotton (Fu et al. 2015).

5.2.3  Jasmonate Signaling and/or Interaction with Other Molecules

Esterified oxylipin products in Arabidopsis describe roles in defense mechanisms. 
Jasmonic acid metabolites show specific functions. Transcription factors performing 
in JA signaling have been described on cross-talk in signaling pathways (Wasternack 
2007). Jasmonates have been found to interact with other molecules like salicylic 
acid and ethylene in different ways depending upon plant species involved. Study 
showed that seed priming with methyl jasmonate results in accumulation of pheno-
lic compounds like salicylic acid, kaempferol, and quercetin detected in leaf extracts 
of seedlings. The mechanism behind the disease resistance is the upregulation of 
phenylalanine ammonia lyase (PAL5) and benzoic acid/salicylic acid carboxyl 
methyltransferase (BSMT). The downregulation of isochorismate synthase (ICS) 
gene shows that phenylalanine ammonia lyase (PAL) and not the isochorismate syn-
thase (ICS) gene is the primary root of SA synthesis in tomato. However, elevated 
levels of SA are accompanied with decrease in jasmonic acid, the precursor of 
MeJA, and increase of 12-oxo-phytodienoic acid (OPDA), the precursor of JA. So 
methyl jasmonate can be commercialized (Krol et al. 2015). H2O2, a small molecule, 
has long life that permits them to cross the cellular membranes, to different cellular 
partitions aiding signaling tasks, including retrograde signaling that has its role in 
signal transduction (Maruta et  al. 2012). Although there are many sources of its 
production, the prime importance is oxidation of glycolate in the peroxisome in 
photosynthetic carbon oxidation cycle (Miller et al. 2010), and jasmonic acid accu-
mulation also results in priming tolerance against diseases (Mehari et al. 2015).
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5.2.4  AZA Biosynthesis/Production, AZA Signaling, and AZA Interaction 
with Other Molecules

Defense priming during Arabidopsis SAR to P. syringae pv. maculicola is due to 
production of AZA, released upon localized bacterial infection (Jung et al. 2009). 
Azelaic acid seemed to be mobile and transported throughout the plant and has roles 
both in SAR and LAR. However, there is in need of further assessment of its roles 
(Maldonado et al. 2002).

5.3  Salicylic Acid-Dependent Cum Salicylic Acid-Independent 
Pathway Cumulatively Involves in Disease Tolerance 
in Plants

The protein dynamics have prominent role in the tolerance mechanism of pearl mil-
let tolerance to downy mildew (Anup et al. 2015). The Pseudomonas fluorescens 
isolate (JUP 121) priming of Ragi seeds had the best disease endurance of Ragi 
blast disease as compared to control. This was due to the presence of pathogenesis- 
related protein enzymes (B-1,3 glucanase and chitinase) (Patil 2016). The nonpro-
tein amino acid pipecolic acid (Pip) contributes in plant systemic acquired resistance 
(SAR) (Stewart et al. 2018). Flavin-dependent monooxygenase 1 changes to Pip to 
N-hydroxypipecolic acid (NHP), an important metabolic controller of SAR with or 
without salicylic acid-dependent pathway in Arabidopsis (Lin et  al. 2013), 
β-aminobutyric acid (Cohen 2002), and Pip/FMO1-signaling molecule (Bernsdorff 
et al. 2015). Different kinds of role of SA in Arabidopsis during attack of Alternaria 
brassicicola where it induces susceptibility for this fungus. While in other crops, it 
induces tolerance or resistance, similar to SA by folic acid pathway (Wittek et al. 
2015). Jasmonic acid (JA) and salicylic acid (SA) pathways in tolerance in tomato 
plants against Fusarium wilt have been noted. Their upregulation decreases the dis-
ease incidence in plants. The JA-deficient mutant-type def1 showed higher Fusarium 
wilt disease level than wild type (Jogaiah et al. 2018).

6  Role of Enzymes in Disease Tolerance in Plants by Seed 
Priming

The upregulation or downregulation of specific enzymes play a critical role in main-
taining disease tolerance, e.g., during the disease tolerance in pearl millet after  
seed priming with different inducers, conidial suspension (CS), cultural filtrate 
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(CF), and lyophilized culture filtrate (LCF) of plant growth-promoting fungus 
(PGPF) was due to peroxidase (POX) activity. When the seeds were treated with 
CS, the chitinase activity was higher in CS-treated seedlings and was reduced in 
later stages than control (Murali and Amruthesh 2015). Similarly, seed priming with 
nitric oxide (NO) donors and sodium nitroprusside (SNP) showed that aqueous SNP 
seed treatment with or without polythene glycol (PEG) priming both under con-
trolled and field conditions performed better than control treatments. The mechanis-
tic evaluation of tolerance of pearl millet against downy mildew showed that lignin 
deposition, hypersensitive response, and phenylalanine ammonia lyase (PAL, EC) 
were enhanced by NO-donor treatment plants (Manjunatha et al. 2008a, b). In the 
tolerance mechanisms, various enzymes were involved such as phenylalanine 
ammonia lyase, polyphenol oxidase, tyrosine ammonia lyase, and antioxidant 
enzymes, viz., activities of superoxide dismutase, catalase, and peroxidase for dis-
ease tolerance in plants (Katiyar et al. 2015). Seed priming with chitosan induces 
several enzymes in plants like glucanase and chitinase. It also induces many 
enzymes in reactive oxygen species (ROS) scavenging system such as superoxide 
dismutase (SOD), catalase, and peroxidase (Pichyangkura and Chadchawan 2015). 
In watermelon crop infected with Fusarium oxysporum, NADP-dependent malic 
enzyme (NADP-ME) had higher relative abundance compared to artificially treated 
plants. This has role in carbon fixation activity in C4 photosynthesis. In addition, it 
also participates in monolignol biosynthesis, in flavonoid biosynthesis, and of acti-
vated oxygen species (Casati et al. 1999).

The mechanism of tolerance to disease was due to the higher expression of PR 
(pathogenesis-related protein)-related defense enzymes (B-1,3-glucanase and chi-
tinase). The SA alters the plant physiology and produces these enzymes: 2.5- and 
2-fold increased expression of IAA27, MPK1, GPX, chitinase, and β-1,3-glucanase 
that are related to disease tolerance and plant growth promoting in brinjal (Mahesh 
et al. 2017). The PGPRS phosphorus solubilizing bacterial strain TN_Vel-35 iso-
lated from rhizosphere induced a strong tolerance against the early blight disease in 
tomato caused by the Alternaria solani. The induced accumulation of antioxidant 
peroxidase (PO) and polyphenol peroxidase (PPO) upregulation was the cause of 
control. Furthermore, they enhanced disease tolerance by increasing IAA, nutrient 
uptake, and chlorophyll contents in tomato (Babu et al. 2015). In the field condition 
treatment with 200 mM trehalose for 9 h, 67.2% disease protection against downy 
mildew was recorded, and it reduced the disease severity to 32.7% compared to 
untreated control treatments which showed 90% of disease severity. Further, treha-
lose increased levels of polyphenol oxidase, phenylalanine ammonia lyase, and per-
oxidase, which are indicators of both biotic and abiotic stress responses (Govind 
et al. 2016). The enzymes involved in the development of resistance were peroxi-
dase and chitinase (Murali and Amruthesh 2015).
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7  Role of Proteins in Disease Tolerance in Plants by Seed 
Priming

Pathogenesis-related (PR) proteins are produced in plants when plants are under 
pathogen attack. These are induced as part of systemic acquired resistance. Upon 
infections genes are deactivated in plants that produce PR proteins that may be anti-
microbial or antifungal depending upon infection-causing agent. Furthermore, the 
experiments on functional analysis of differentially stored proteins unveil the resis-
tance mechanism of elicitor primed plant against pathogen S. graminicola (Anup 
et al. 2015). Results of the following study show the presence of involvement of 
proteins involved in disease tolerance, e.g., different mechanisms are involved that 
mediate reduction in downy mildew using seed priming with β-aminobutyric acid 
and P. fluorescens. The hierarchical clustering analysis shows that proteins are either 
up- or downregulated. The overrepresentation of proteins related to glucose sug-
gests that this seed priming makes possible the protection against diseases without 
compromising the normal growth and development. This study formed the basis and 
is in need of future investigation to uncover the priming of resistance mechanism of 
this disease using information of differentially accumulated proteins and their func-
tional analysis (Chandra et al. 2015).

8  Merits and Demerits of Seed Priming

Seed priming improves the seed germination, emergence, and seedling establish-
ment of many plant species under controlled conditions (Basra et al. 2005). It also 
repairs damage of aged seeds (Butler et al. 2009) or seeds exposed to abiotic stresses 
(Yang et al. 2016). Out of various strategies adopted for inducing disease tolerance 
in plants, seed priming is easy, is economical with low risk involved, and has sus-
tainable technique to minimize the effects of environmental conditions (Ashraf and 
Foolad 2005). However, seed priming has demerits like losing seed, seedling vigor, 
and in some cases poor or delayed germination. Induced tolerance against diseases 
using UV radiations is found to be beneficial against various diseases; however a 
precautious state developing in low levels of UV may have impairing effect on crop 
species for encouraging variations with regard to disease stress tolerance and 
enhanced crop quality and yield (Dhanya and Puthur 2017).

9  Future Prospective

It is needed to optimize suitable seed priming techniques for different crop plants to 
mitigate the challenges raised due to newly introduced diseases and their levels of 
threat. Moreover, it is required to investigate how different pathways work together 

G. Mustafa et al.



357

with each other in plants at a particular time and in a particular organ or tissue. For 
example, regarding biosynthesis of salicylic acid and jasmonic acid, future studies 
should focus on how salicylic acid (SA) or jasmonic acid (JA) is synthesized, in a 
particular tissue or organ. Finally, the question arises how the SA and JA are sensed 
by the cells, and such perceptions could conceivably involve direct interaction of 
SA and JA with different cellular proteins such as enzymes or transcription factors 
or ion channels. SA- and JA-sensitive enzymes could include signaling enzymes 
such as protein kinase and phosphatase enzyme activities (Neill et al. 2002a).

Future work will answer to the questions on particular roles of JA and products 
from SA based on seed priming, on JA and oxylipin perception, on MAP kinase 
activity in JA signaling, and on the variety of actions of JA in plant-plant and plant- 
microbe interactions, and, finally, cell- and organ-specific functions of jasmonates 
in plant development are needed to be analyzed (Wasternack 2007).

10  Conclusion

Studies have shown the prominent role of seed priming in the disease tolerance and 
understanding of the physiological and biochemical changes. The role of seed prim-
ing under disease stress and disease tolerance in plants is understood. In this way 
seed priming has been found to have a vital role in plant growth and development 
that help disease tolerance in plants. Seed priming has been found to play a signifi-
cant role in direct tolerance or priming tolerance against diseases. Further, seed 
priming is a smart, effective, and realistic option for acceptable plant protection 
strategy without disturbing seed germination and vigor as well as plant perfor-
mance. Seed priming has the capacity to repair some of the damages caused by seed 
erosion which in turn results in increased vigor of primed seeds (Arif et al. 2008). 
Rapidly increasing evidences indicate that seed priming with salicylic acid or 
biopriming is involved in several physiological processes; however mechanisms 
vary among different plant species to enable plants to tolerate diseases. Seed prim-
ing mobilizes the food and nutrients in the seeds and hence improves the seed ger-
mination and vigor; moreover activation and resynthesis of some critical enzymes 
according to Nascimento and West (1998) are very important.

The type of seed priming is specific for specific disease tolerance in plants. Study 
of mechanisms shows that seed priming can activate many signaling pathways in 
the early stages of growth and results in faster plant defense responses. However, 
the biochemical or molecular basis of some pathways remained unclear. There is 
also a need to understand how these known pathways cooperate with each other. 
Future studies are needed on how these particular priming methods affect disease 
tolerance in different organs or tissues and which pathway is involved. There is need 
to fully characterize enzymes and a need to know where these are located in particu-
lar cells or tissues. Such perception will enable to know which seed priming affects 
the various cellular proteins, i.e., transcription factors, ion channels, and proteins.
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Abstract Seed treatment is the first and basic technique being practiced for seed 
protection since long. Chemicals and biological agents are applied to protect seeds 
from microbial pathogens and insect pests. The application of seed treatment is 
being evolved to more environment-friendly compositions as the time passes. 
Purposes of seed treatment are to reduce the economic losses to the crop due to 
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pathogens and avoid development of resistant pathogen races and reduction of pes-
ticide residues in the product. The purpose of the seed treatment is to avoid the 
pathogen attack and protection of seeds and seedlings. Application of chemicals at 
the early stage has an advantage of effectiveness of low dosage as the pathogen is 
very vulnerable because the seedborne stage is the weakest part of the life cycle of 
microbes. On the other hand, the disadvantages include the possibility of accidental 
poisoning, limited dose capacity, shorter shelf life of the treated seeds, and exposure 
of the worker to the chemicals when treating larger quantities of seeds. Major fungal 
diseases including bunts, water molds, rots, and damping-off and bacterial diseases 
including rots and wilting are commonly controlled by applying chemicals. A few 
viral diseases are transmitted by the soilborne fungal pathogens that may result into 
a major problem at the later stages and must be controlled at early crop stage by 
application of seed treatment of their fungal vectors. Soilborne insects like root-
worms, maggots, and wireworms are to be controlled at the sowing stage. To control 
these pathogens, several biological agents like Bacillus subtilis, Streptomyces gris-
eoviridis, and Trichoderma harzianum are also used along with the synthetic chemi-
cals. The chemical applications are done using carboxin, difenoconazole, fludioxonil, 
imazalil, mefenoxam, tebuconazole, thiabendazole, and triadimenol. The insecti-
cides commonly used for the seed treatment are chlorpyrifos, imidacloprid, perme-
thrin, and thiamethoxam. Several additives including colors, antifoaming agents, 
lubricants, carriers, and micronutrients are also used to enhance the efficiency of the 
seed treatment. Application of biological and chemical treatments at the early stage 
of the crop is playing a helpful role in maintaining the healthy crop and harvesting 
an improved yield.

Keywords Seed priming · Seed treatment · Fungicides · Insecticides · Seed 
diseases

1  Introduction

Procedures of seed treatment are in practice for thousands of years by the farmers to 
save their crops from pests and pathogens. At the beginning, the seed treatment was 
practiced excluding fungal and bacterial pathogens to improve the crop productiv-
ity. Seed treatment started with application of lime solutions and brine which got 
evolved to the application of formulated products. Hit and trial methods kept on 
altering the formulations and applications of different mixtures and solutions over 
time, but in the early 1800s, the application of copper sulfate was found to be more 
efficient than lime solutions for the control of bunt. Later in 1920, dusting of copper 
carbonate proved to be even more effective than copper sulfate.

The seed treatment products kept on evolving with time, and mercury-based 
chemicals appeared to be effective against several seedborne biological issues. 
Although this protective application was very effective, it was still carrying a risk of 
unintentional poisoning, due to which it was banned in 1970. After the World War 

M. T. Shakeel et al.



365

II, several organic fungicides were introduced in the 1980s. The process of evolu-
tion in seed treatment methods came up with biological control in 1990.

Seed treatment is defined as the application of seeds with chemical or biological 
material to avoid or control the pathogens or pests. Seed-treating chemicals might 
include insecticides, fungicides, or bactericides. Seed treatment chemicals can be 
applied both to the true seeds and propagative material such as bulbs, tubers, or 
corms. On the other hand, application of growth regulators, nitrogen-fixing bacteria, 
and micronutrients to the seeds is not considered to be seed treatment because they 
are not meant to reduce the pathogen inoculum or pest control.

Seed treatment is essentially applied to the seed to obtain a uniform and well- 
grown seed. Apart from this, the continuous application of the seed treatments over 
years has compromised the survival of soilborne pathogens, and the problem of 
smut or bunt is under control in wheat and barley crops. Also, it has been found 
effective in reducing the root rots. Although the application of chemicals to the 
seeds is beneficial, it also poses to be a threat for the workers in case of accidental 
exposure, and sometimes they contaminate the food by unnoticed mixing of treated 
seed with feed or food products.

2  Purpose of Seed Treatment

Purposes of seed treatment include protection of seeds and seedlings, control of 
seedborne pathogens, and control of pests. Seedborne disease-causing pathogens 
may work as infestants or may be present deep inside the seeds, hidden in the cracks 
of the cervices. These pathogens may be important to be controlled in three possible 
conditions. Firstly, these pathogens cannot survive in the soil or crop residues and 
need the soilborne phase to survive the fallow period between the crops. Secondly, 
these pathogens may survive in the soil or crop residues and behave as soilborne 
pathogen which adds to its capacity to cause disease. Thirdly, these soilborne patho-
gens may invade new soils by getting transported with the seed shipments.

Seed treatment might be efficient in controlling the seed-infesting or seed- 
infecting pathogens. The method to be implemented for the control of the disease is 
decided by the nature of the pathogen whether it is residing on or inside of the seed.

Soilborne pathogens and pests are threat to the seeds and seedlings, which may 
cause heavy damage to the crops. Especially, the young seedlings are not able to 
withstand the stress because of their tender nature and lack of food availability to 
recover from the damage. Apart from pathogen and pest attack, the stress may 
include heavy rains, cool soils, soil compaction, hard crust of soils, and postemer-
gence herbicide application. Under the prevalence of unfavorable conditions in the 
soil environment, the pathogen with less virulence may turn out to be devastating 
and cause heavy loss to the crop.

Application of the non-systemic seed treatment chemicals can protect the seeds 
and seedlings from damage by making up a protective barrier on the surface of the 
seed and avoiding the chewing insects and soilborne pathogens. Systemic seed 
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treatment chemical can help avoiding the damage to the roots by root rotting fungi 
as well as the aboveground parts of the seedlings from sucking type of pests and the 
aerial pathogens. The duration of the seed treatment efficacy stands for 11–14 days 
which is even less if the environmental conditions are warm and humid. Considering 
the effect of these seed treatment chemicals is not long-lasting but can help in delay-
ing the infection and hence reducing the yield losses.

Usually, seed treatments are not the only way to control soilborne pathogenic 
diseases. Considering the cost-effectiveness, other methods of disease control like 
use of certified seeds, crop rotation, heat treatment, resistant varieties, and observ-
ing the planting date can be added to the seed treatment to devise an effective con-
trol strategy because implementation of a single control measure may not be 
sufficient to avoid the disease.

3  Advantages and Disadvantages of Seed Treatment

There are several advantages of seed treatment, which include the vulnerability of 
the pathogen as seedborne stage of the plant pathogens is the weakest phase of many 
plant pathogens during their life cycles that makes seed treatment an effective con-
trol measure for the disease. Due to vulnerability of the pathogen to the seed treat-
ment chemical, the low-dose application is cheap and enough to control the disease 
without developing any unwanted impact on the environment. Pathogens as well as 
plants are also vulnerable to the diseases during seedling stages, and seed treatment 
is essential to be executed at this stage. Another advantage is precision targeting of 
the disease source as the chemical is applied directly to the seed and very little 
amount of the chemical is lost on untargeted sites.

Disadvantages of the seed treatment with chemicals include the accidental poison-
ing of animals and birds that may pick/eat the treated seeds as feed from the environ-
ment. Low-dose application often results into short-term protection of the plants from 
the disease. Another disadvantage is low shelf life of the seeds after treatment with the 
pesticides. Phytotoxicity is also a problem as the higher concentration of the seed-
treating chemical is possibly not appropriate for the young seedlings and their tender 
tissues. If the application rate of the chemicals is not calculated and controlled, the 
crop may result in low germination percentage or stunting in some cases. Other than 
plants, human may also become affected by the seed treatment chemicals as the work-
ers are exposed to higher doses of the chemical while treating a greater lot of the seeds.

4  Imperative Seed Diseases and Pests

Seed treatment chemical is specific to a group of pathogens or pests. To devise an 
effective and appropriate control strategy, it is vital to understand the life cycle and 
behavior of the pathogen or pest. Understanding of their behavior, time of attack, 

M. T. Shakeel et al.



367

and mode of action will help in defining an appropriate defense strategy, type of 
seed treatment chemical, and correct time and dose of the application. Pests or the 
pathogens are not sometimes controlled properly because pesticides with required 
mode of action are not applied which don’t have enough systemic activity. The fail-
ure to obtain desired results may also be attributed to the lack of overlapping of the 
peak periods of pest or pathogen damage and the protection. Economic constraints 
also hinder the process as sometimes the higher doses of the control chemicals are 
too expensive to be applied to larger seed quantities. In such situations, the seed 
treatment is better to be added up with cultural control or use of resistant varieties.

One of the largest and destructive groups of plant pathogens that affect the crop 
at seedling stage is fungi. Most fungi are decomposers and derive their nutrients 
from dead organic matter both from plant and animal sources. Some plant patho-
genic fungi are not able to survive in the soil for longer period of times, while most 
stem and root rot fungi are able to stay viable in soils for longer duration even when 
crop rotation is practiced starving them by not sowing their host crops for a reason-
able duration. Seed treatment techniques can be implemented to overcome several 
seedborne, soilborne, and foliar diseases that appear on the crops during the early 
stages (Maude 1996).

Very common fungal diseases include bunts, foliar disease like powdery mildew 
and rusts, water molds like Pythium (Hendrix and Campbell 1973) and Phytophthora, 
root rotting fungi like Fusarium, and damping-off fungi. Additionally, some bacte-
ria are also pathogenic to crop plants during the early crop stages, but unlike the 
fungi they cannot move on their own; rather they depend on wind, seed, insects, 
farm equipment, and other ways that can facilitate them to come in contact with the 
host plants. They can get access to the host plant only via wounds or natural open-
ings and cause local or systemic symptoms. Bacteria cause several symptoms like 
leaf spots, soft rots, leaf blights, and wilting, and some of them can be controlled by 
seed treatments. In beans, the most common diseases caused by bacteria are bacte-
rial blights, halo blights, and brown leaf spots. The spot diseases initiate with small 
angular, light green, and water-soaked spots, which become dry and brown colored 
with narrow yellow margins. Halo blight lesions are encircled by a relatively wider 
pale green to yellow colored tissue. Pod lesions start with the same pattern as fol-
lowed by leaf lesions, but as they mature, they produce sunken, irregularly shaped 
reddish brown blotches (Garu et  al. 2004). Stewart’s bacterial wilt is a common 
problem of sweet corn with long yellowish streaking symptoms developed parallel 
to the veins of the infected leaves (Pataky et al. 2000). These symptoms appear to be 
similar to the symptoms of drought, nutritional deficiency, or insect pest attack.

Plant viruses are spread by the insect vectors from infected to healthy plants. The 
most common vectors of the viruses are aphids, whiteflies, and leafhoppers. 
Although the viruses cannot be controlled by application of any pesticide or seed 
treatment chemical, their mode of transmission can be interrupted by controlling the 
insect vectors. Vector control is effective in the case of viruses that are transmitted 
in persistent manner because they cannot be transmitted instantly like those which 
are transmitted in nonpersistent manner. The viruses that are transmitted in persis-
tent manner need to be accumulated in the vector and can be transmitted to the host 
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plants for several days once they are acquired from a diseased plant. For successful 
transmission of the virus, the vector needs plentiful time to feed on the healthy plant 
that provides an opportunity for the application of the insecticide and control the 
vector. On the other hand, the viruses transmitted by the vector in nonpersistent 
manner require less feeding time for both acquisition and transmission of the virus 
making the application of the insecticides ineffective to control the spread of the 
disease.

In addition to the pathogens, insect pests can be controlled by the seed treatment 
applications. Under low rootworm pressure, the application of seed treatment chem-
icals is reliable, but under high pest pressure, the seed treatment must be aided with 
the soil treatment. Maggots, beetles, wireworms, and grubs are also important pests 
of the crops that cause damage to the underground parts of the plants. Root feeding 
may cause nutrient deficiency symptoms on the foliar parts of the plants. Wireworms 
are common pests of the vegetables, small grains, and cereal crops. Larvae of the 
wireworm cause damage to the crop by boring into the germinating seed or into the 
base of the seedling (Van Herk and Vernon 2007). The treatment is beneficial only 
if applied before the damage. Light pest pressure can be managed by the application 
of seed treatment, while high pressure can be controlled only by soil application or 
in severe cases replanting of the crop.

Aphids are one of the major sucking insect pests of several crops. Aphids are 
commonly green in color but may possess any color. Nymphs are like the adults but 
lesser in size. The adult aphids have needlelike mouthparts and suck the juice from 
the host body. They can cause damage to the plant both directly and indirectly 
(Dedryver et al. 2010). Direct damage is caused by the sucking of sap and injecting 
the plant toxin that is present in the saliva of the insect. Indirect damage to the crop 
is caused by transmission of viral diseases caused by Barley yellow dwarf virus, 
Cucumber mosaic virus, and Watermelon mosaic virus in several host plant species. 
Several seed treatment chemicals are found to be effective against the aphids and 
hence reducing the spread of the viruses that are vectored by this group of insects.

5  Seed Treatment Products

Seed treatment chemicals are categorized based on different attributes like active 
ingredients (a.i.), additives, doses, and methods of application. Different ingredients 
have different limitations of application that’s why the seed treatment products have 
more than one active ingredients. The level of control of the pathogen depends on 
the strength and dose of the active ingredients because some pathogens require a 
higher dose of the chemical for the control as compared to others (Halmer 2000).

Evaluation of the seed treatment method depends on several factors like unavail-
ability of the effective control activity of the active ingredient, less systemic activity 
than required, limited movement of the active ingredient with the developing root 
system, inability to extend the effective period so that the peak activity time and the 
damage period of the pathogen overlap, and disease is controlled. Another  important 
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factor is the effective dose of the chemical is expensive or is phytotoxic that limits 
the application of the active ingredient to control the problem. Active ingredients of 
the seed applications are categorized as systemic and contact. Systemic chemicals 
penetrate the seeds and move in the stem and reach the leaf tissues, while the contact 
treatment only protects the outer surface of the seed.

The seed-treating chemicals are divided into bactericides, fungicides, and insec-
ticides based on the pathogens against which they are used. Commonly used bacte-
ricide is streptomycin, which is a broad-spectrum chemical to control halo blight 
pathogen of beans, soft rot, and blackleg of potato.

Fungicides are used to control the fungal seed pathogens. Few examples of the 
fungicides applied for the control of fungal problems include captan (a.i., ethyl 
mercaptan, broad-spectrum, non-systemic fungicide to control several seed decay-
ing and rotting fungi such as Aspergillus, Fusarium, and Penicillium), carboxin 
(systemic fungicide used against smuts, seed rots, damping-off, and seedling blights 
and commonly used with other fungicides and insecticides), difenoconazole (sys-
temic fungicide used against loose smut, bunt, root rots, powdery mildew, and 
rusts), fludioxonil (broad-spectrum, non-systemic fungicide used against decay and 
damping-off fungi including Rhizoctonia, Fusarium, Aspergillus, and Penicillium), 
imazalil (systemic fungicide, used against common and dryland root rot), 
mefenoxam (narrow-spectrum fungicide, systemic fungicide used against Pythium, 
Phytophthora, and powdery mildews), PCNB (pentachloronitrobenzene, non- 
systemic fungicide, used against Rhizoctonia, Fusarium, and common bunts), tebu-
conazole (broad-spectrum, systemic fungicide, used against some fall-season root 
rots and some foliar diseases), thiabendazole (broad-spectrum, systemic fungicide 
used against common bunt, seed decay, damping), thiram (broad-spectrum, non- 
systemic fungicide used against bulb, tuber decay, damping-off, and common 
bunts), and triadimenol (broad-spectrum, systemic fungicide used against root rots 
and foliar diseases).

Biological agents are also effective component of the seed treatment strategy and 
are composed of dormant microorganisms. Under the favorable conditions, the 
inocula of the biological control agents germinate, grow, and colonize the outer 
surface of the seed and prove protection layer against the soilborne pathogenic 
fungi. Biocontrol agents provide protection by releasing antibiotic agents or by 
competing with the pathogenic microorganisms. Biocontrol agents belong to both 
bacteria and fungi. Bacterial organisms include Bacillus subtilis and Streptomyces 
griseoviridis, and fungal agents include Trichoderma harzianum (Lifshitz et  al. 
1986; Turner and Backman 1991; Mastouri et al. 2010; Burges 2012).

Important insecticides used to control insect pests include chlorpyrifos and diazi-
non (non-systemic insecticide used against seed-corn maggots and beetles); 
 imidacloprid (systemic insecticide used against aphids, bugs, beetles, leafhopper, 
thrips, white grubs and wireworms, and whiteflies); lindane, tefluthrin, and perme-
thrin (non-systemic insecticide used against soilborne insects such as wireworms and 
maggots); and thiamethoxam (systemic insecticide effective against several chewing 
and sucking types of insects such as Colorado potato beetle, seed-corn maggot, 
Hessian fly, leafhoppers, thrips, and aphids) (Schmeer et al. 1990, Pike et al. 1993).
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6  Formulation and Additives

Seed-treating chemicals are commonly formulated as dry flowable (DF), flowable 
(F), flowable seed treatment (FS), liquid (L), liquid suspension (LS), or wettable 
powder (WP). Different formulations have different advantages and disadvantages. 
For example, some formulations don’t mix well in the tank, while others readily 
settle down and make aggregates. On the other hand, some formulations are avail-
able in water-soluble form and are relatively safer as they reduce the chance of 
exposure to the workers.

In addition to active ingredients, the seed treatment chemicals are added with a 
number of additives like dyes, carriers, binders and stickers, antifoam agents, lubri-
cants (Beilfuss and Gradtke 2001), and micronutrients. Colorants and dyes improve 
the appearance of the chemical and help in maintaining the uniformity and stan-
dardization of the application to the seed lots. Addition of color to the treated seed 
also helps in detection of treated seeds with the feed or food grains. Carriers and 
binder are usually added to the seeds to develop the adherence of the chemical to the 
seed and avoiding the dusting off or cutting off the ingredient. Addition of antifoam-
ing agents in the chemical formulations for seed treatments diminish the trouble-
some of the foam generation during application.

7  Storage of Treated Seeds

Pesticide-treated seed must be stored in a ventilated, clean, and dry place and should 
never be stored in bulk or close to the edible grains (Ashraf and Foolad 2005). The 
treated seeds should be stored tightly in woven bags after proper drying since unde-
sired moisture content may deteriorate the seeds quickly. After packaging the seed 
must be labeled with type of seed and chemicals used to treat the lot. If the seed is 
stored for longer period, the germination capacity of the lot must be assessed before 
sale or sowing. If the seed is not good enough for further use, it should be disposed 
of properly, and the label of the storage should be added with appropriate informa-
tion regarding the dispose-of methods (Balešević-Tubić et al. 2010).
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Abstract The technique of seed priming has potential in increasing seed longevity 
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tion as well as increasing the crop yield, which is reported in various crops. Among 
the different seed priming techniques, hydropriming is one of the mostly used seed 
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priming techniques to start the germination of seeds without the emergence of radi-
cle. Recent reports suggest that hydropriming of seed has the potential to upregulate 
plants’ tolerance to multiple abiotic stresses by enhancing seed germination, 
 seedling growth and development, modulating physiological activities and antioxi-
dant response, as well as expression of genes and proteins. But the changes occurred 
during hydropriming need to be further addressed by plant scientists using molecu-
lar and genomic approaches to cope with abiotic stresses. Therefore, in this chapter, 
we reviewed the recent knowledge on seed hydropriming focusing abiotic stress 
tolerance in various plant developmental stages along with the antioxidant metabo-
lism and molecular responses of crops.

Keywords Abiotic stress · Antioxidant defence system · Germination · Priming · 
Physiological response

1  Introduction

Delay in seed germination and nonuniformity is a major problem. To establish a 
healthy crop, unified and rapid germination of seeds is very necessary. Crop yield 
and quality are directly affected by the growing period from time of sowing to estab-
lishment of crop. This growing time of a crop is very important to get better yield. 
Difference in germination time of seeds is a major factor for low yield of a crop. 
After uniform and prompt emergence, unified and fast growth of seeds is very 
essential to get good yield of a crop. The technique of seed priming has potential to 
cope with the poor seed emergence in crops, which have small seeds. By the tech-
nique of seed priming, germination rate of seeds and uniformity in crop establish-
ment is increased. Seed priming only regulates the early process of germination in 
seeds, but the final phase of radicle emergence is not affected. In the process of seed 
priming, seeds are soaked in water or either in osmotic solution or in mixture of 
water and solid medium in a precise ratio. After this process, seeds are dried before 
the emergence of radical. Previous studies reveal that priming of seed is used to 
hasten time of seedling emergence, to increase seed longevity during the storage, to 
improve germination, and to increase the yield. Favorable effects of seed priming 
are shown in crops such as barley, sugar beet, lentil, chickpea, and grass fox. 
Beneficial effects of priming are related with various biochemical, molecular, and 
cellular metabolisms including synthesis of proteins and ribonucleic acid (Bray 
et al. 1989; Davison and Bray 1991; Dell’Aquila and Bewley 1989).

2  Hydropriming

Among different seed priming techniques, hydropriming is one of the mostly used 
techniques. Seeds are soaked in a solution called priming agent followed by drying 
in this technique. This technique is used to start the germination of seeds without the 
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emergence of radical (Afzal et al. 2005). Seeds are quickly reached to a specific 
level of moisture in hydropriming with continuous supply of oxygen that will 
increase the number of enzymes associated with the production of energy and 
metabolites associated with the process of germination. The technique is used to get 
uniformity in germination and to increase the speed of germination for the improve-
ment of final stand. If seeds are contaminated with the pathogens, then hydroprim-
ing should be used with complete care. If seeds are affected with fungus, then the 
growth of fungus will be increased by hydropriming that will cause stand growth of 
plants. To control the adverse effects of pathogens, biopriming was developed.

3  Hydropriming-Mediated Stress Tolerance

3.1  Germination

Seed germination is very much sensitive to abiotic stresses. When exposed to uneven 
environment, it delays germination. When seed germinates in stress condition, it 
cannot withstand the field environment and has less vigor and decrease in productiv-
ity. Seed germination is utmost salt-sensitive plant growth stage (Goumi et al. 2014) 
and is severely interrupted by increasing salinity (Bouda and Haddioui 2011). Under 
salinity, seed germination and plant growth are improved by seed priming (Passam 
and Kakouriotis 1994). The major purpose of seed priming is to maximize emer-
gence rate; however, postemergence growth are also enhanced by these. Primed 
seeds give earlier, uniform and occasionally maximum germination and seedling 
emergence (Bradford 1986). Exposure to soaking the seed technology has been 
tested in various crops to aid the seed germination depending on the situation and 
even promote plant tolerance in the event of stress (Idris and Aslam 1975). Priming 
treatments have proven to promote seed vigor that is effective to achieve fast and 
uniform seed germination of various vegetable species (Taylor et  al. 1998) and 
many field crops including rice (Lee et al. 1998). Hydropriming is a unique, easy, 
low-priced, and nature-friendly priming technique due to the use of simple water, 
and the farmers of developing countries adopt this technique (Mabhaudhi and Modi 
2011). Earlier study indicated hydropriming (for 24 h) in wheat showed more pro-
duction (Kahlon et al. 1992). Hydropriming is an effective method, as suggested by 
Harris (1992) with various valuable impacts on different field crops, i.e., chickpea, 
soybean, maize, sunflower, and rice (Ashraf and Foolad 2005; Kaya et al. 2006).

Hydropriming has also been used profitably in sunflower, wheat, cotton, and 
chickpea (Kaur et al. 2002). Furthermore, hydropriming elevated emergence and 
growth under salinity (Kaur et al. 2002; Kaya et al. 2006). Hydropriming is a starter 
procedure for germination without emergence of the radicle that involves soaking of 
seeds in water followed by drying (Ashraf and Rauf 2001). Roy and Srivastava 
(2000) proposed that the negative effect of salinity on seed germination can be 
reduced by seed priming. Generally, seed germination and seedling emergence are 
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enhanced by hydropriming. Hydropriming permits the seeds to rapidly attain good 
moisture with a persistent oxygen supply, thus resulting in increase of germination 
process/metabolites which associated with energy production. Generally, hydroprim-
ing has been established as profitable and is currently being explored. Hydropriming 
brings about certain physiological modifications in organic compounds, sugar con-
tent, and cumulated ions within the seed, root, and lastly in the leaves of plant lead-
ing to high germination rate and great resistance to unpleasant conditions (Alvarado 
et al. 1987). Chojnowski and Come’s (1997) work revealed that the increase in ATP 
production, the respiration activities, protein synthesis, and induced RNA activity in 
the treated seeds promoted emergence rate of sunflower seed.

Hydropriming is utilized to enhance the germination and uniformity of seedlings 
along with improvement in final stand. Hydropriming also deal with attention as 
seeds can be contaminated with pathogens. In such case, during hydropriming, 
growth of fungus can be intensified causing plant diseases and restricted develop-
ment. Hydropriming enhanced the seedling emergence along with growth in 
Phaseolus vulgaris (Kazem et al. 2010). However, in contrast, hydropriming failed 
to improve germination in common Kentucky blue grass seeds (Pill and Necker 
2001), but Basra et al. (2002) found that wheat seeds’ treatment with hydropriming 
(48 h) resulted in the maximum activation followed by 24 h. The favorable priming 
effect has been related with several biochemical, cellular, and molecular processes 
containing RNA and protein synthesis (Dell’Aquila and Bewley 1989). By 
hydropriming, use of chemicals can be reduced or eliminated, and it also avoids 
disposing of undesirable materials that are hazardous for the atmosphere (McDonald 
2000). Hydropriming specifically confirms speedy and uniform emergence along 
with maximum normal seedling percentage (Singh 1995; Shivankar et al. 2003). 
Scientists observed that antioxidative enzymes (peroxidase (POD), catalase (CAT), 
and superoxide dismutase (SOD)) and solute (proline and soluble sugar) contents 
are significant indicators throughout the process of seed priming and emergence 
(Wattanakulpakin et  al. 2012). Germination metabolites and osmotic adjustment 
are vital factors to improve seed execution throughout the treatments (Haghpanah 
et al. 2009). Hydroprimed maize seeds (cv. Zhengdan 958) germinated quicker as 
compared to non-primed. There was marked change in comparative proteomic 
analysis between the primed and non-primed seeds, due to identification of eight 
protein spots (Gong et al. 2013). Hydropriming improved onion seed germination 
effectively, especially when the seeds were hydrated for 96 h. In cotton, soaking in 
distilled water (hydropriming) boosted up germination under saline environments 
as compared to any other seed pretreatment (Shannon and Francois 1977). 
Moreover, according to Ahmadian et al. (2009), hydropriming under salt stress con-
ditions significantly improved both emergence rate and mean emergence time with 
maximum normal germination. Results are confirming the investigations in mus-
tard, cauliflower, and brassica. Under osmotic stress, hydropriming promoted fresh 
weight of seedling. In addition, it resulted in enhanced root growth along with the 
highest root length. Cayuela et al. (1996) reported that plants from primed seeds 
have maximum salinity tolerance due to high osmotic adjustment ability. Roots 
produced from seeds (primed) show high level of sodium and chloride ions, while 
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leaves of primed seeds have more contents of sugars and organic acids as compared 
with non-primed (Li et  al. 2011). Studies showed that hydropriming increases 
emergence and hasty germination of seedling of pyrethrum in saline and nonsaline 
conditions, which agreed with results, e.g., in potato seeds, triticale, and sunflower 
(Demir and Ermis 2003, Yagmur and Kaydan 2008). In hydropriming, the positive 
effect showed that mobilization of enzymes in tissues of embryo occurred which 
results in early germination of seeds and production of compounds (i.e., proteins, 
sugars, and amino acids) in storage organs (Ashraf and Foolad 2005). Practically, 
due to less expenditure, hydroprimed seeds can be suggested for both salt-affected 
and non-affected soils to increase probability and rapidity of germination. According 
to Demir and Mavi (2008), reduced water loss and variances in movement of stor-
age reserves and proteins can cause undesirable effects on germination. In conclu-
sion, the study suggested that pyrethrum seed can be germinated best in the dark by 
hydropriming treatment. By several seed priming techniques, the negative effect of 
salt stress on emergence can be relieved (Roy and Srivastava 2000). Akter et al. 
(2018) proposed that 48 h of hydropriming is the best technique for maize which 
decreases the salinity stress and had highly significant impact on better germination 
and superior performance of various seedling attributes. Shukla et al. (2018) inves-
tigate that priming is a mechanism that controls germination capacity of seeds by 
altering the penetrability properties of membranes and enzyme. Rouhi et al. (2011) 
suggested that hydropriming maximized germination ratios, emergence index, and 
seed vigor while minimized mean emergence time, the time to get 50% emergence, 
and energy of emergence. Under salinity and drought, hydropriming resulted in 
alleviation of harmful effects of both stresses on emergence and growth of the seed-
ling (Kaya et  al. 2006). Sung and Chiu (1995) observed that hydropriming has-
tened  mean germination time (MGT) without changing uptake water amount in 
watermelon. Amini (2011) suggested that hydropriming of alfalfa was an effective 
method to increase the salt tolerance ability by improving seed emergence and 
seedling growth under highly saline state. Priming treatment, under saline condi-
tion, considerably improved the CAT, POD, SOD activities, and proline content 
however reduced in malondialdehyde (MDA) accumulation and electrolyte leak-
age. Hydropriming has proven to be an effective method as compared to haloprim-
ing as expressed by the final germination percentage (FGP), root shoot length ratio, 
and their dry weight (Basra et al. 2006). By priming technique, radicle emergence 
speeds up through higher enzymatic activities, ATP production, and protein synthe-
sis that cause increase in root length (Parera and Cantliffe 1992). Primed seed 
results in significantly higher shoot length than that of not primed seeds.

3.1.1  Plant Growth and Development

Khazaei et al. (2016) suggested that, by seed priming, positive remarkable effect 
can be observed on the length of plumule, green area, fresh and dry weight of plu-
mule, fresh and dry weight of radicle, radicle length, and volume along with seed-
ling vigor at various levels of salinity stress in barley, while time to get 50% 
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germination reduces by the seed treatment. Especially, effective and considerable 
influence of seed priming on barley was detected under the 200 mM salt stress. 
Priming causes increment in cell division level within the apical meristem of seed-
ling roots that ultimately results in an increase in plant growth and development 
(Sakhabutdinova et al. 2003). Hydropriming can be a beneficial tool for production 
of carrot to increase quality of seed and seedling. Eisvand et al. (2011) work on car-
rot cultivars (Nantes and Forto) suggested that in both, vigor index, rate of emer-
gence, and length of root and shoot of hydropriming were higher than hormonal 
priming. Sanchez et al. (2001) found an increase in the root length of pepper and 
cucumber by hydropriming influence. Salinity stress has adverse effects on growth, 
chlorophyll content (chlorophyll b reduction was more than chlorophyll a), and 
mineral composition (K+ and Ca2+) in all coriander genotypes. By seed priming, the 
negative effect of salinity diminished in all genotypes and treated plants exhibited 
satisfactory reaction to salt stress when compared with untreated or non-primed 
plants (Meriem et al. 2014). These results are in line with the outcome of many 
researches on various plant species, e.g., wheat (Mehta et  al. 1979), canola 
(Mohammadi 2009), maize (Bakht et  al. 2011), Sorghum bicolor (Kadiri and 
Hussaini 1999), Vicia faba (Salam et  al. 1999), tomato (Mirabi and Hasanabadi 
2012), watermelon (Armin et  al. 2010), melon (Sivritepe et  al. 2003), Ziziphus 
spina-christi (Takhti and Shekafandeh 2012), and safflower (Elouaer et al. 2012). 
By primed seed, soluble sugar content and chlorophyll content also amended in 
leaves of all the coriander cultivars under normal and saline conditions (Meriem 
et al. 2014).

Seed priming upsurges the action of membrane-bounded enzyme and the free 
radical scavenging enzymes, i.e., POD, SOD and CAT, to enhance the viability and 
vitality of plant to survive better under salt-affected soils (Shafi et al. 2009; Chang 
and Sung 1998). Work on muskmelon, cucumber, and amaranth (Nascimento and 
West 1999) revealed that seed priming technique amended growth of seedling by 
reducing viscosity of seed coat particularly in drastic conditions. This betterment is 
brought by improving synthesis of DNA and protein that has great effect in maxi-
mizing the stability of cell membrane in embryo. Phospholipids also have a role in 
embryo cell membrane as these can enhance the cell membrane permeability and 
resistance (Bradford 1995). Harris et al. (1999) showed that seed priming (overnight 
seeds soaking in water) distinctly enhanced quick vigor, and establishment of 
upland chickpea, maize, and rice results in quicker growth and development with 
earlier flowering followed by maturity and advanced yields. These priming effects 
are affiliated with the nucleic acids restoring and building up, repairing of mem-
branes as well as improved proteins synthesis (McDonald 2000). Priming technique 
has also vital role in enhancement of the antioxidative enzyme’s activities in primed 
seeds (Hsu et al. 2003). Due to availability of ready food throughout emergence 
(Farooq et al. 2006), primed seeds perform better to accomplish the germination 
process in a short duration while coping with external stresses (Farooq et al. 2007; 
Kant et al. 2006). Seedlings (7-day-old) taken from hydroprimed seeds indicated 
three- to fourfold extra growth in respect of shoot and root length than seedlings 
acquired from non-treated seeds.
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The activities of invertases (alkaline and acid), amylase, sucrose phosphate syn-
thase, and sucrose synthase (SS) were greater in primed seedling shoots. In primed 
seedling roots, growth in the activities of acid and alkaline invertases and SS was 
also detected. Cotyledons of primed seedlings also indicated twofold increment in 
sucrose phosphate synthase-specific activity. The higher activity of amylase was 
observed in shoots of hydroprimed seedlings that enhanced the speedy hydrolysis of 
transitory starch of the shoot. This hydrolysis leads to more glucose availability for 
growth of shoot, and this was confirmed by the presence of low level of starch in 
primed seedling shoots (Kaur et al. 2002). Pradhan et al. (2015) find that hydroprim-
ing considerably amended germination, growth of seedling, and seedling vigor 
under stress and nonstress environments. Similarly, the work of Janmohammadi 
et al. (2008) indicates hydropriming offers suitability to seed vigor under both saline 
and drought conditions.

3.1.2  Physiological Responses

Seed priming treatments had significant effects on germination and stress toler-
ance during which the physiological mechanisms inside the seeds are altered and 
these changes are characterized by the changes in the level of important indicator 
solutes such as proline, MDA, CAT, soluble sugars, SOD, and POD. Various stud-
ies indicated the effect of unfavorable environment on the seed emergence and 
stress resistance in different crops as in legumes, wheat (Triticum aestivum L.), 
onion (Allium cepa L.), and rice. Yuan-Yuan et al. (2010) reported the influence of 
drought on primed (hydropriming) and non-primed seeds of rice cultivars. Results 
concluded that for levels of soluble sugars, MDA were reduced in primed seeds, 
whereas hydropriming elevated the activities of CAT, SOD, and POD and also 
enhanced glucose metabolism in stress seeds among all cultivars than control 
treatment.

3.1.3  Antioxidative Response

Hydropriming significantly affects the antioxidative machinery of the plant under 
stress condition. When plant goes under stress condition, it produced different active 
oxygen species (AOS) and reactive oxygen species (ROS), which decline in plant 
health and its yield. To cope with this effect, different techniques used to overcome 
this issue among, which priming is key part for annual and some of perennial crops, 
fruit crops are not much affected by this technique in antioxidative manner. 
Hydropriming plays a vital part in activation of antioxidative enzymes, which cope 
with the effect of AOS and ROS in plant cell.

Hydropriming mediates stress tolerance by increasing antioxidant enzymatic 
activities. Superoxide dismutase, catalase, peroxidase, and ascorbate peroxidase are 
enzymes that can cope with the negative effect of ROS like lipid peroxidation 
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mainly measured by malonyldialdehyde. Amooaghaie (2011) observed that the 
activity of superoxide dismutase increased in alfalfa under salt stress condition 
when treated with hydropriming. The seed, which are treated with hydropriming, 
showed more activity of superoxide dismutase and tolerates more under stress con-
dition as compared with non-treated plants. Similar findings were also noted by 
Huang et al. (2006) and Umair et al. (2012) in cucumber and mung bean.

Peroxidase was also observed higher in the plants grown after the treatment of 
hydropriming. Alfalfa (Amooaghaie 2011) and mung bean (Umair et al. 2012) and 
tomato (Araby and Hegazi 2004) observed the increase in the peroxidase contents, 
which cause in the reduction of ROS. Catalase activity was also observed more in 
the plant of alfalfa, cucumber, mung bean, and tomato when treated with hydroprim-
ing. Polyphenol oxidase and ascorbate peroxidase were also observed more in the 
plants of mung bean (Umair et al. 2012) and cucumber (Huang et al. 2006) when 
treated with hydropriming, which means, hydropriming effects increase the stress 
tolerance by increasing antioxidant enzymes. Cucumber, alfalfa, and tomato when 
exposed to hydropriming showed decrease or less amount of lipid peroxidation 
measured by malonyldialdehyde (Table 1).

3.1.4  Molecular Responses

Hydropriming approximately for 12 h enhances the seed germination, growth and 
development and uncertainly enhances alterations in protein profiles of maize 
embryo. Eight proteins are greatly different in richness between treated and 
untreated seeds expressly embryonic protein DC-8 as well as globulin-1. Two 

Table 1 List of biochemical responses of different plant species affected by hydropriming under 
stress

Biochemical Activity level Crop References

Superoxide dismutase Increase Alfalfa Amooaghaie (2011)
Cucumber Huang et al. (2006)
Mung bean Umair et al. (2012)

Peroxidase Increase Alfalfa Amooaghaie (2011)
Mung bean Umair et al. (2012)
Tomato Araby and Hegazi (2004)

Catalase Increase Alfalfa Amooaghaie (2011)
Cucumber Huang et al. (2006)
Mung bean Umair et al. (2012)
Tomato Araby and Hegazi (2004)

MDA Decrease Cucumber Huang et al. (2006)
Alfalfa Amooaghaie (2011)
Tomato Araby and Hegazi (2004)

Polyphenol oxidase Increase Mung bean Umair et al. (2012)
Ascorbate peroxidase Increase Cucumber Huang et al. (2006)
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proteins such as DC-8 and globulin-1 may possibly be the candidates for the molec-
ular markers for priming effect as well as seed vigor. However, more research work 
is needed to explore the occupation of these well-known embryo proteins in 
hydropriming in numerous other maize lines all over the world.

4  Conclusion

Abiotic factors are one of the major problem in crop production. This phenomenon 
is also led by climate change. Many studies are taken in this aspect to overcome the 
effect of abiotic stresses. Priming is used to overcome dormancy and also enhances 
seed vigor. Priming also acts as mediator in stress tolerance. Among the different 
seed priming techniques, hydropriming is one of the mostly used. In hydropriming, 
seeds are soaked in a solution called priming agent followed by drying. Hydropriming 
helps in stress tolerance during germination, plant growth and development, physi-
ological response, and activation of antioxidative enzymes, which cope with the 
ROS produced under stress. Further, genetic analysis and molecular marker studies 
are required to assess the role of hydropriming during stress tolerance. Moreover, 
there is an urgent need to develop and identify functional genetic approaches to 
evaluate the changes that occurred during hydropriming.
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Abstract Plant growth and productivity is severely limited due to abiotic stresses, 
which have become more detrimental due to recent climate change. A number of 
strategies are being exercised in different parts of the world to combat yield reduc-
tions in crops due to abiotic stresses including temperature, drought, salinity, UV 
radiation, trace metal stress, etc. However, some of these strategies referred to as 
conventional breeding are time-consuming and labor-intensive, while plant genetic 
modification is another strategy, which is not acceptable in several countries of the 
world. In contrast, chemical priming appears as an alternative approach that pre-
pares plants to better tolerate future abiotic and biotic stresses. Chemical priming 
has emerged as potential field in crop stress management strategies. Plants’ stress 
tolerance response can be modified by treating plants with chemical before the 
occurrence of stress events. Chemical priming imparts significant impact on plant 
growth, physiology, biochemistry, and molecular mechanism. Until now, the under-
lying molecular mechanisms mediating plant growth under the influence of chemi-
cal priming agents are not well elucidated. In this chapter, we reviewed the functions 
of emerging chemical priming agents that include polyamines, β-aminobutyric acid, 
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gamma-aminobutyric acid, melatonin, menadione sodium bisulfite, sodium nitro-
prusside, sodium hydrosulfide, selenium, and salicylic acid.

Keywords Priming agents · Seed soaking · Hormonal priming · Antioxidant 
enzymes · Reactive oxygen species · Signaling molecules

Abbreviations

APX ascorbate peroxidase
CAT catalase
GR  glutathione reductase
H2O  hydrogen peroxide
H2S  hydrogen sulfide
LOX lipoxygenase
MDA malondialdehyde
NaHS sodium hydrosulfide
NO  nitric oxide
PEG polyethylene glycol
POD peroxidase
PSII photosystem II
Put  putrescine
ROS reactive oxygen species
RWC relative water contents
S  sulfur
SNP sodium nitroprusside
SOD superoxide dismutase
Spd  spermidine
Spm spermine
UV  ultraviolet

1  Introduction

Plant growth and production is significantly hampered by various environmental 
constraints such as heavy metal toxicity, UV radiation, excess light, freezing, cold, 
heat, flooding, drought, and salinity. Global food security is being threatened by the 
detrimental effects of abiotic stresses on plant growth and productivity, which are 
further exacerbated by anthropogenic contributions such as urbanization and indus-
trialization (Nagajyoti et  al. 2010) and climate change (David and Christopher 
2007; Reddy 2015; Savvides et al. 2016). Plants under field conditions face a wide 
range of abiotic stresses that may occur simultaneously or sequentially (Savvides 
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et al. 2016). Combined abiotic stresses act synergistically to suppress plant growth. 
Plant exposure to a combination of heat and heavy metals (Zhao et al. 2009), heat 
and drought (Perdomo et al. 2015), or heat and salinity (Silva et al. 2013) is more 
detrimental for crop yield compared to the scenario where plants face these stresses 
individually (Savvides et  al. 2016). Therefore, plant scientists are now focusing 
their research on studying the plant responses toward multiple abiotic restraints 
(Suzuki et al. 2014).

A number of approaches have been used worldwide to increase crop productivity 
under multiple abiotic stresses. However, some strategies such as conventional 
breeding are time consuming, while others such as genetic engineering are not 
accepted across different countries of the world (Savvides et al. 2016). Alternatively, 
plants can be made to better tolerate future abiotic and biotic stresses by means of 
chemical priming. Plant priming also referred to as hardening or sensitization may 
be induced as a result of initial exposure of plants to environmental stresses that 
function as reminders for plants to get exposed to the same environmental hazard in 
the future (Filippou et al. 2013). This makes plants to enter the primed state where 
the provocation of defensive processes is faster than unprimed plants (Sani et al. 
2013). Intriguingly, plants can also achieve primed state through chemical priming, 
where plants are exposed to priming agents such as synthetic or natural chemical 
compounds. Chemical priming offers efficient ways for crop stress management so 
as to counteract the adverse effects of stresses on plant growth and development 
(Sani et al. 2013; Tables 1, 2, 3 and 4).

2  Promising Chemical Priming Agents

Chemical priming agents include but not limited to RONSS (oxygen–nitrogen–sul-
fur species), melatonin, polyamines, menadione sodium bisulfite, proline, glycine 
betaine, amino acids, nutrients, and naturally occurring metabolites (Christou et al. 
2014a; Savvides et al. 2016).

3  Reactive Oxygen, Nitrogen, and Sulfur Species (RONSS)

RONSS such as H2O2 (hydrogen peroxide), NO (nitric oxide), and H2S (hydrogen 
sulfide) play an important part in the abiotic stress acclimation of plants due to their 
direct impact on gene regulation and signal transduction (Molassiotis and Fotopoulos 
2011; Fotopoulos et al. 2015). Over the last few years, there is growing evidence on 
the application of these molecules or their donors such as sodium hydrosulfide 
(NaHS) for H2S and sodium nitroprusside (SNP) for NO at low concentration 
(1–1000 mM) for the induction of abiotic stress tolerance in crop plants. RONSS 
molecules mediate important biological functions during primed state resulting in 
enhanced tolerance to abiotic stress (Antoniou et al. 2016).
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Priming with different NO improves plant growth and production under environ-
ment constraints. Ali et al. (2017) studied the influence of SNP priming on salinity 
tolerance of wheat cultivars (Galaxy-13, Millat-11, Punjab-11, and Sahar-06). Seeds 
were soaked in different levels of SNP (0, 0.1, and 0.2 mM). Salinity significantly 
increased malondialdehyde (MDA), hydrogen peroxide (H2O2), ascorbic acid, and 
proline. They recorded significant reduction in growth and grain yield due to salinity 
stress. Seed priming with SNP ameliorated oxidative damage of salinity and 
increased growth and grain yield. Seed priming with (0.1 mM) increased germina-
tion percentage, seedling vigor, and early establishment of seedlings under salinity. 
Furthermore, SNP priming enhanced the activities of antioxidant enzymes [superox-
ide dismutase (SOD), peroxidase (POD), and catalase (CAT)] alongside the concen-
trations of ascorbic acid, phenolics, and proline. Increase in growth and grain yield 
was ascribed to upregulation of antioxidant defense system due to SNP priming. In 
a study by Gadelha et al. (2017), nitric oxide (NO) priming significantly enhanced 
salinity tolerance of Jatropha curcas at the seedling stage. Plants raised from NO 
priming showed lower accumulation of toxic Cl and Na compared to those of 
unprimed plants under salinity. NO-priming effectively protected plants from oxida-
tive damage in the form of membrane damage and H2O2 accumulation. They reported 
that lower oxidative damage in NO-primed plants was the result of powerful antioxi-
dant system. It was concluded that NO-primed plants showed efficient provoked 
antioxidant system, lower accumulation of reactive oxygen species (ROS) and toxic 
ions. Likewise, SNP priming increased polyethylene glycol (PEG)-induced drought 
tolerance in Arachis hypogaea L. Different concentrations of SNP (0, 50, 100 and 
15 μ) and PEG (0, −0.4, −0.6, and − 0.8 MPa) were used in the experiment. Priming 
resulted in significant increase in the activities of SOD, POD, and ascorbate peroxi-
dase (APX), soluble sugars, and proteins that reduced the endogenous levels of H2O2 
and MDA. Seed priming with SNP also increased germination percentage. It was 
inferred from the results that SNP priming significantly decreased oxidative damage 
that might have improved seedling vigor and germination (Sepehri and Rouhi 2016). 
Similarly, priming with 100 μM SNP restored redox status and increased antioxidant 
defense system in Arabidopsis plants under cadmium stress (Méndez et al. 2016). In 
a study, SNP (0.1 mM) seed priming improved grain yield and plant biomass in rice 
under salinity. Priming resulted in significant increase in the activities of antioxidant 
enzymes (SOD, POD, CAT) and the endogenous levels of ascorbic acid and proline. 
Primed plants had better antioxidant system that decreased oxidative damage in 
terms of MDA and H2O2. Better yield in salinity stressed rice was attributed to the 
provoked antioxidant system (Habib et al. 2016).

Seed priming with SNP significantly increased germination percentage, vigor 
index, and germination index. Priming also reduced mean germination time when 
compared with plants from unprimed seeds. The endogenous levels of nonreducing 
sugars and proteins were higher in primed plants. The activities of enzymes, namely, 
SOD, POD, α- and β-naphthyl acetate esterase, and α-amylase, were greater in 
primed plants. In conclusion, SNP priming increased oxidative defense and mobili-
zation of stored carbohydrate, proteins, and lipids (Hameed et al. 2015). Christou 
et al. (2014b) reported NO and H2O2 as pivotal signaling molecules mediating plant 
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development under stress conditions. Strawberry plants were grown hydroponically 
to investigate the functions of SNP (100  μM) and H2O2 (10  mM) under saline 
 conditions. They reported systemic ameliorative effect of applied reactive species to 
cellular injuries incurred by salt stress. In a study by Manjunatha et al. (2008), the 
efficiency of different NO donors, namely, SNP, 2-Nitroso-1-naphthol, and Nitroso- 
R- salt, was studied to appraise their protective effects in pearl millet against downy 
mildew disease. SNP seed priming with or without PEG provoked significant host 
resistance against downy mildew. Likewise, the protective role of SNP pretreatment 
was studied in barley under arsenic stress. Plants subjected to arsenic stress exhib-
ited decrease in photosynthetic pigments, biomass, and germination percentage, 
while increase in proline and MDA levels was evident. There was initial increase in 
the activities of CAT and POD, which decreased drastically at higher concentration 
of arsenic. Pretreatment with NO significantly enhanced oxidative defense of plants 
that might have increased plant growth under arsenic stress (Shukla et al. 2015). 
Kaur and Kaur (2018) reported the effect of NO priming on the antioxidant defense 
system in two maize cultivars (tolerant cv. CML 32 and susceptible cv. LM 11) with 
contrasting tolerance to heat stress. Seed priming with SNP significantly increased 
seedling growth and provoked a number of defense mechanisms. The activities of 
antioxidant enzymes, namely, SOD, POD, and CAT, were higher in CML 32 that 
showed strong detoxification of ROS. Furthermore, the degree of oxidative damage 
in the form of H2O2 and MDA accumulation was markedly mitigated as a result of 
seed priming with SNP (75 μM). The oxidative defense mechanism was stronger in 
cv. CML 32 than that in cv. LM 11. Bibi et al. (2017) studied the effect of SNP prim-
ing on the induction of chilling stress in wheat. They reported significant increase in 
plant growth and relative water content (RWC) of wheat plants as a result of SNP 
priming. Higher stress tolerance of RONSS-primed plants is the result of the 
involvement of these molecules in signal transduction (Molassiotis and Fotopoulos 
2011). Literature showed the upregulation of stress-related genes as a result of 
exogenous application of RONSS molecules (Tanou et al. 2012). In a study, wheat 
seeds were primed with 0.06 mM SNP and measured a number of germination- 
related parameters. The results of the study showed that SNP priming significantly 
mitigated salt-induced decrease in seed imbibition rate, vigor index, germination 
index, and germination percentage. SNP priming also markedly raised beta-amylase 
activity, whereas the activity of alpha-amylase remained unaffected under salinity. 
Besides the influence of SNP priming on the expression of germination-related 
enzymes, SNP priming also decreased the uptake of Na with concomitant increase 
in K and thereby enhanced K/Na ratio in salinity-stressed plants. It was examined 
that increase in germination percentage is largely due to elevated activity of beta- 
amylase in response to SNP priming (Duan et  al. 2007). Nejadalimoradi et  al. 
(2014) studied the priming effects of two different NO donors – arginine and SNP – 
in the mitigation of salinity stress. There was significant growth suppression in 
salinity-stressed plants, while the ones primed with NO donors showed little 
decrease in growth. Salinity decreased the activities of antioxidant enzymes, namely, 
POD, CAT, and APX, while increase in lipoxygenase activity was recorded in leaves 
and roots. Plants primed with SNP showed increase in all antioxidant enzymes, 
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while arginine priming resulted in enhanced APX and CAT activities. The authors 
concluded that salinity alleviation effects of SNP and arginine are comparable in 
terms of antioxidant defense system. In another study by Fan and Liu (2012), the 
dehydration and drought ameliorative potential of seed priming with SNP (nitric 
oxide donor) in Poncirus trifoliata was studied. Authors also did seed priming with 
L-Name (nitric oxide synthase inhibitor N G-nitro-l-arginine-methyl ester) to vali-
date the positive influence of SNP seed priming. The priming results were obtained 
from plants grown in pots or hydroponic culture. It was observed that plants with 
SNP seed priming from hydroponic culture exhibited smaller stomatal apertures, 
enhanced antioxidant enzyme activities, and lower ROS accumulation, electrolyte 
leakage, and water loss than those of control plants. Besides, potted plants pre-
treated with SNP displayed higher photosynthesis, minimal stomatal conductance, 
higher chlorophyll contents, alongside the limited electrolyte leakage compared 
with control plants. The plants pretreated with inhibitor (L-Name) largely reversed 
the positive alterations in key physiochemical indices induced by SNP priming. The 
results of the present study displayed increased tolerance to drought and dehydra-
tion in plants pretreated with SNP. Conversely, plants pretreated with L-Name made 
plants sensitive to those stresses. It was concluded that changes in antioxidant 
enzyme activities and stomatal responses contributed to enhanced stress tolerance 
in plants pretreated with SNP. Farooq et al. (2009a) reported the ameliorative effects 
of SNP priming in rice under drought stress. Seeds were primed with SNP (100 and 
150 μM), and later the same concentration was also used as foliar spray. Drought 
was maintained at 50% field capacity (FC). Two controls were used in the experi-
ment, namely, unprimed plant and NO foliar application. Rice plants suffered sig-
nificant growth reductions under drought; however, exogenous application of NO as 
seed priming or foliar applications circumvented the adverse effects of drought on 
plant growth. NO applications resulted in higher water potential, provoked antioxi-
dant system, lower membrane damage, and improved photosynthetic capacity. 
Authors concluded that foliar application of NO was better in the induction of 
drought tolerance in rice than that of seed priming. Similarly, the seed soaking with 
NO or H2O2 (<10 μM) improved quantum yield for photosystem II compared with 
plants not pretreated with these signaling molecules. Pretreated plants also exhib-
ited enhanced tolerance to salinity and heat stresses. The results displayed higher 
activities of ROS scavenging enzymes alongside the increased transcript levels for 
stress-related genes such as small heat shock protein 26, Δ′-pyrroline-5-carboxylate 
synthase, and sucrose-phosphate synthase. It was concluded that the enhanced toler-
ance to both stresses in rice was due to the potential of exogenously applied mole-
cules to function as signaling molecules (Uchida et al. 2002). Likewise, the cross 
talk between NO and H2S was reported in maize under heat stress. Seed soaking in 
SNP decreased lipid peroxidation and electrolyte leakage and increased the survival 
percentage of maize plants under heat stress. It was also observed that plants pre-
treated with SNP showed higher accumulation of H2S as evident from the enhance 
expression of L-cysteine desulfhydrase. Likewise, pretreatment with H2S donors 
GYY4137 and NaHS also increased endogenous H2S levels. Furthermore, H2S pre-
treatment increased survival percentage by circumventing electrolyte leakage. 
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Intriguingly, SNP-mediated heat tolerance was enhanced by the application of H2S 
donors. However, this enhancement in heat tolerance was eliminated in plants 
treated with inhibitors for H2S synthesis. It was suggested that H2S functioned as a 
downstream signal molecule mediating the NO-induced heat tolerance in maize 
seedlings (Li et al. 2013b).

The influence of seed presoaking with SNP was studied in wheat under chilling 
stress. Pretreatment with SNP resulted in increase in germination index, seed germi-
nation rate, and length and weight of radical and coleoptile. However, SNP priming 
decreased the weight of germinated seeds and mean germination time under chilling 
stress. Seed respiration rate alongside the higher starch degradation reflected as 
improved amylase activity was observed as a result of seed priming with 
SNP.  Besides, SNP priming provoked efficient antioxidant system that in turn 
decreased ROS generation and lipid peroxidation. Seed priming with SNP enhanced 
seedling growth under chilling stress (Li et al. 2013a). In another study, the effect of 
SNP priming was examined on low temperature tolerance, seedling vigor, and seed 
germination in two tomato cultivars, namely, Cherry and Falcato, exposed to differ-
ent temperatures (10, 15, 20, and 25 °C). Treatments in the experiment were broken 
up as osmopriming (polyethylene glycol 6000) and seed soaking in SNP for 24 h at 
25 °C. Reduced alpha-amylase activity, seedling growth, and seed germination was 
observed in both tomato cultivars at suboptimal temperatures. However, cultivar 
Falcato showed more sensitivity to low temperature than that of cv. Cherry. Seed 
pretreatment with SNP in Falcato increased sugar content, α- and β-amylase, seed-
ling growth, germination index, and germination capacity under suboptimal tem-
peratures. It was observed that application of methylene blue (NO-scavenger) 
diminished the positive effects of NO priming on seed germination (Amooaghaie 
and Nikzad 2013). Similarly, the mitigative effects of NO pretreatment on light- 
induced oxidative damage were investigated in two tall fescue cultivars, namely, 
Arid3 and Houndog5. The adverse effects of high light were more prominent in the 
leaves of cultivar Houndog5. However, the pretreatment of leaves of both cultivars 
with SNP exhibited decrease in lipid peroxidation, ROS generation, and electrolyte 
leakage. The antioxidant enzyme activities (SOD, CAT, APX, GR) were signifi-
cantly higher in leaves pretreated with SNP. Besides, SNP-treated leaves had decline 
in lipoxygenase (LOX) activity. The abovementioned responses due to SNP treat-
ment could be eliminated when NO-scavenger cPTIO (2-(4-carboxy-2-phenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide) was applied. Cultivar Arid3 
showed maximal rise in the values of nitric oxide synthase activity and NO-production 
when exposed to high light stress, whereas a little increase was evident in the high 
light-sensitive cultivar. Increase in oxidative damage due to high light was observed 
when NOS inhibitor LNNA (Nω-nitro-l-arginine) was given. The intensity of oxida-
tive damage was higher in Arid3. The results of present investigation showed more 
NO release driven by enhanced NOS activity under high light stress. It was con-
cluded that NO functioned as signaling molecule, increasing antioxidant enzyme 
activities. The damages due to high light stress were significantly lower in leaves 
with better oxidative defense system (Xu et al. 2010).

M. A. Ashraf et al.



403

In another study, the interactive effects of NO and H2S were studied on Medicago 
sativa L. subjected to cadmium toxicity. Pretreatment with SNP and NaHS amelio-
rated the inhibitory effects of cadmium. Plants from the primed seeds ameliorated 
Cd-induced inhibition of seedling growth alongside significant decline in lipid per-
oxidation. Transcript levels and activities of antioxidant enzymes (SOD, POD, 
APX) showed differential alteration that alleviated the oxidative damage in pre-
treated plants. The positive impact of H2S was diminished in plants treated with 
NO-scavenger cPTIO.  It was further reported that plants pretreated with NaHS 
exhibited enhanced production of NO under stress or nonstress conditions. It was 
inferred that NO mediated the NaHS which triggered mitigation of Cd stress in 
alfalfa plants. Authors declared the existence of a cross talk between NO and H2S 
(Li et al. 2012). Hydrogen peroxide (H2O2) functions as an important stress signal 
and when applied as seed priming induced significant metabolic changes. In this 
context, wheat seeds were soaked in H2O2 (1, 40, 80, and 120 μM). Plants treated 
with H2O2 (120 μM) increased germination percentage and mean germination time 
under 150 mM NaCl salinity. Plants from H2O2-treated seeds accumulated lower 
endogenous levels for H2O2 that indicated the presence of stimulated antioxidant 
system. Exogenous H2O2 significantly increased photosynthetic capacity alongside 
higher stomatal conductance. Pretreated plants possessed improved leaf water rela-
tions showing enhanced turgor. Plants raised from H2O2-treated seeds despite higher 
endogenous levels of Na+ and Cl− displayed higher K+, Ca2+, PO4

3−, and NO3
− under 

salinity stress. Seed priming with H2O2 also improved membrane integrity. Two heat 
stable proteins with 32 and 52 kDa were expressed in plants treated with H2O2. Seed 
priming stimulated antioxidant system that protected wheat seedlings from ion- 
induced oxidative damage. It was concluded that pretreatment of plants-enhanced 
tolerance to salinity was attributed to the expression of proteins alongside the 
improved physiological indices (Wahid et al. 2007). In another study, the drought 
ameliorative influence of H2O2 seed priming was studied in maize. Seeds were 
soaked in different concentrations of H2O2 (20, 40, 60, 80, 100, 120, and 140 mM). 
Germination rate was higher for 140  mM priming. Plants suffered significant 
decrease in chlorophyll contents along with increase in total soluble proteins, lipid 
peroxidation, H2O2 accumulation, and ascorbic acid under water deficit conditions. 
Drought decreased Ca2+ and K+, while increased P and Fe2+ in maize plants. 
Activities of antioxidant enzymes also increased in drought stressed plants. 
Pretreatment of plants with 140 mM H2O2 decreased chlorophyll degradation and 
lipid peroxidation and increased the levels of ascorbic acid and activities of antioxi-
dant enzymes under water deficit conditions. Authors concluded that enhanced 
drought tolerance in maize plants was the result of better antioxidant system due to 
H2O2 priming (Ashraf et al. 2015). In a study, the influence of exogenously supple-
mented H2O2 was examined in Panax ginseng under salinity stress. Pretreatment of 
plants with 100 μM H2O2 induced physiological tolerance in ginseng against salin-
ity stress. Treatment with H2O2 showed enhanced activities of APX, CAT, and POD 
along with the significant decrease in ROS generation and lipid peroxidation. 
Pretreated plants also showed higher photosynthetic pigments. It was concluded 
that H2O2 pretreatment-induced salinity tolerance in ginseng plants was attributed to 
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better oxidative defense system (Sathiyaraj et al. 2014). The role of exogenously 
applied H2O2 was investigated in wheat plants under drought stress. Pretreated 
plants displayed enhanced germination rate (56%) under PEG-induced water 
 scarcity. The accumulation of H2O2 was minimal in plants treated with H2O2 that 
indicated the presence of stimulated antioxidant system. Pretreated plants also 
showed higher leaf area, dry weight, and net photosynthesis. Besides, H2O2 treat-
ment also increased proline accumulation and water use efficiency. Exogenously 
applied H2O2 decreased lipid peroxidation that markedly enhanced the integrity of 
membranes. The expression of APX and CAT was higher in treated plants. The 
results of the present research indicated the functions of H2O2 as signal molecule 
that stimulated the antioxidant system in seeds, which protected the seedlings from 
oxidative damage (He and Gao 2009). The positive role of H2O2 was studied in 
cucumber under heat stress. It was seen that pretreated plants showed chloroplast 
ultrastructure protection due to enhanced antioxidant system. Heat stress increased 
lipid peroxidation and accumulation of ROS that damaged chloroplasts in leaf cells 
(71.4%). However, when H2O2 was applied under heat stress, a significant decrease 
in lipid peroxidation and ROS generation protected chloroplast ultrastructure. 
Pretreated plants exhibited enhanced activities of antioxidant enzymes under heat 
stress. Authors suggested that H2O2 pretreatment enhanced antioxidant system 
which in turn decreased lipid peroxidation and hence protected chloroplast ultra-
structure (Gao et al. 2010).

4  Chemical Priming with Melatonin

Melatonin functions as essential biological hormone mediating plant responses to 
abiotic constraints. In a study, the influence of added melatonin on photosynthetic 
attributes and antioxidant system was investigated. Salinity significantly decreased 
photosystem II (PSII) efficiency, chlorophyll contents, and plant growth along with 
marked increase in the production of ROS. It was found that melatonin application 
circumvented ROS-induced oxidative damage and increased photosynthetic effi-
ciency in maize. Melatonin treatment stimulated antioxidant system that effectively 
scavenged ROS. Immunoblotting displayed decrease in 34 kDa PS II reaction center 
with rise in subunit S protein in PSII.  It was concluded that melatonin activated 
antioxidant system and mediated PSII proteins (Chen et al. 2018). The positive role 
of melatonin priming is reported in tomatoes under low temperature stress. Plants 
pretreated with 100 μM melatonin concentration alleviated the adverse effects of 
low temperature on photosynthetic efficiency in terms of minimal damage to photo-
synthetic apparatus, increase in quantum yield of photosystems, increase in electron 
transport, and protection to thylakoid membrane (Yang et al. 2018b). Melatonin also 
protected tomato plants from the damages of simulated acid rain (SAR). Higher 
concentration of bioactive compounds was evident in SAR-stressed plants. Besides 
the higher antioxidant potential of stressed plants, SAR induced substantial decrease 
in tomato yield. Plants pretreated with melatonin showed significant improvement 
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in fruit quality, yield attributes, and antioxidant compounds that effectively pro-
tected plants from oxidative damage due to ROS. The results of the study showed 
that melatonin application mediated antioxidant system and thereby improved yield 
(Debnath et al. 2018). Melatonin also plays an essential role in the acquisition and 
assimilation of sulfur (S). In this context, tomato plants grown under low S condi-
tions showed stunted growth due to decrease in photosynthesis, chlorophyll content, 
and biomass production. Plants facing S-deficiency also suffered oxidative damage 
that led to modifications in cell structure and significant damage to nucleic acids. 
However, plants treated with exogenous melatonin showed diminution in cellular 
ROS levels, which mitigated damages to cellular ultrastructures and macromole-
cules. Besides, melatonin enhanced the expression of genes related to enhanced 
uptake and assimilation of S. Melatonin mediated 2-cysteine peroxiredoxin and bio-
synthesis of sulfur compounds. It was concluded that melatonin significantly dimin-
ished S deficiency-induced adverse effects by improving redox homeostasis, 
metabolism, S uptake, and utilization (Hasan et al. 2018). Melatonin pretreatment 
also enhanced salinity tolerance in wheat seedlings. Pretreated seedlings showed 
better growth reflected as higher shoot dry weight, chlorophyll content, photosyn-
thesis, indole acetic acid content, and efficiency of photosystems. The accumulation 
of H2O2 was also minimal in melatonin pretreated seedlings under salinity. The 
transcript levels of TaSNAT mediating melatonin biosynthesis were also higher in 
seedlings treated with melatonin. Melatonin also increased polyamines biosynthesis 
through enhancing precursor flow from methionine and arginine. Salinity-induced 
degradation of polyamines was also minimal in seedlings treated with melatonin. It 
was concluded that melatonin enhanced salinity tolerance through mediating poly-
amine biosynthesis in wheat seedlings (Ke et al. 2018). Melatonin has also been 
shown to play a crucial part in the formation of leaf cuticle under water-limited 
conditions (Ding et al. 2018). Melatonin enhanced drought tolerance in oat seed-
lings. Oat seedlings treated with 100 μM melatonin showed significant decrease in 
ROS accumulation. Activities of antioxidant enzymes (SOD, CAT, POD, APX) 
increased in oat seedlings treated with melatonin under PEG-induced drought stress 
(Gao et  al. 2018). Melatonin pretreatment (5 and 20 μM) significantly enhanced 
germination in Stevia rebaudiana Bertoni. Higher concentration of melatonin (100 
and 500 μM) inhibited germination. Melatonin also increased seedling growth and 
leaf numbers. Seedlings also had greater pigment concentration due to melatonin 
application (500 μM). However, SOD activity decreased markedly in pretreated 
seedlings. Seedlings treated with 500  μM melatonin significantly enhanced the 
activities of antioxidant enzymes (POD, CAT) and the levels of phenolics and sug-
ars (Simlat et al. 2018). The influence of melatonin application was investigated on 
senescence in kiwifruits during natural aging. Melatonin pretreatment decreased 
H2O2 accumulation and membrane damage through the rise of antioxidant enzyme 
activities (POD, SOD, CAT), which in turn effectively delayed senescence in kiwi-
fruit. Pretreated plants also displayed minimal chlorophyll degradation. The endog-
enous levels of ascorbic acid, flavonoids, soluble proteins, and sugars were higher 
in plants treated with melatonin (Liang et al. 2018).
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Melatonin also promoted Cd tolerance in wheat seedlings. Melatonin-treated 
seedlings showed increased plant height, root growth, and biomass accumulation. 
The enhanced accumulation of H2O2 due to Cd toxicity was also counteracted by 
melatonin. Melatonin treatment increased glutathione (GSH) contents under Cd 
stress. Activities of antioxidant enzymes, namely, APX and SOD, increased in 
treated seedlings; however, no increase in CAT and POD activities was recorded as 
a result of melatonin application. It was concluded that melatonin pretreatment 
improved the scavenging of H2O2 by stimulated antioxidant system under Cd stress 
(Ni et al. 2018). In another study, the drought alleviative effects of melatonin pre-
treatment in rapeseed (Brassica napus L.) seedlings were investigated. Melatonin 
pretreatment increased seedling growth; activities of APX, POD, and CAT; and 
accumulation of soluble proteins and sugars. Besides, the accumulation of H2O2 
was also minimal in melatonin pretreated seedlings. Melatonin-induced drought tol-
erance was associated with improved osmotic adjustment and antioxidant system 
(Li et  al. 2018a). The role of supplemented melatonin in Cyphomandra betacea 
seedlings subjected to Cd toxicity was evaluated. The application of melatonin was 
done in nutrient solution and soil. The results displayed that seedling growth 
increased with lower melatonin dose (50 μM), while significant decline in seedling 
growth was evident with 100–200 μM in both soil and nutrient culture experiment. 
Likewise, lower dose of melatonin decreased photosynthetic pigment degradation 
alongside the stimulated activities of antioxidant enzymes. Lower dose of melatonin 
also enhanced Cd accumulation in different parts of seedlings. It was suggested that 
lower dose of melatonin enhanced seedling growth under Cd toxicity (Lin et  al. 
2018). Melatonin also alleviated the salinity damages in rapeseed (Brassica napus 
L.). Melatonin (30 μM) increased growth and activities of APX, CAT, and POD and 
decreased the accumulation of H2O2 in plants subjected to salinity. Plants treated 
with melatonin also displayed enhanced buildup of proteins, sugars, and proline. 
The results also suggested the inhibitory effects of melatonin when applied at higher 
concentration. Lower melatonin-induced increase in growth was attributed to better 
H2O2 scavenging by antioxidant enzymes and protection from osmotic stress by the 
accumulation of osmoregulatory substances like soluble glucan, proline, and pro-
tein. Melatonin application also enhanced root development and enhanced rapeseed 
biomass production under salinity (Zeng et al. 2018). Melatonin alleviated oxidative 
damages in apple leaves subjected to methyl viologen (MV). The decrease in chlo-
rophyll and photosystem efficiency was circumvented by melatonin application. 
Melatonin pretreated leaves exhibited decreased lipid peroxidation by enhancing 
activities of antioxidant enzymes (Wei et  al. 2018). The cold stress significantly 
inhibited growth and development in Camellia sinensis L. Melatonin pretreatment 
enhanced cold stress tolerance by decreasing ROS accumulation and lipid peroxida-
tion alongside the enhanced chlorophyll content, photosynthesis, and PSII effi-
ciency. Melatonin pretreatment also displayed better antioxidant properties and 
redox homeostasis. This study highlighted the key role of melatonin in circumvent-
ing the inhibitory effects of frost damage in plants (Li et  al. 2018b). In another 
study, the functions of melatonin were investigated in watermelon subjected to 
vanadium (V) stress. Pretreatment of watermelon seedlings with melatonin (0.1 μM) 
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increased chlorophyll content, photosynthesis, and seedling growth under 
50 mg L−1 V stress. The transport of V was significantly lower in melatonin pre-
treated seedlings. Furthermore, activities of antioxidant enzymes (SOD, CAT) 
markedly increased, which resulted in decline in H2O2 accumulation and lipid 
 peroxidation in watermelon seedlings treated with melatonin under V stress. The 
results of this study suggested the use of melatonin to improve tolerance of water-
melon seedlings against V stress (Nawaz et al. 2018). Melatonin application allevi-
ated salinity stress in rice plants by decreasing lipid peroxidation, H2O2 accumulation, 
and increasing the activities of antioxidant enzymes (Li et al. 2017). The role of 
melatonin was explored in Bermuda grass under K deficiency. Melatonin pretreat-
ment significantly enhanced the accumulation of K in plants. Besides, the efficiency 
of PSII was also enhanced in plants treated with melatonin (Chen et  al. 2017). 
Melatonin effects on plant growth and photosynthesis were evaluated in nan-ZnO- 
stressed plants. Melatonin increased ATPase and RuBisCO activities, chlorophyll 
contents, and photosystems efficiency and thereby led to improved photosynthesis. 
Melatonin also protected plants from oxidative damage by enhancing the activities 
of antioxidant enzymes that safeguarded photosynthesis electron transport system. 
The results of the present investigation revealed the use of melatonin to protect 
wheat plants from the inhibitory effects of nano-ZnO stress (Zuo et  al. 2017). 
Melatonin enhanced alkaline stress in Malus hupehensis Rehd. through the modula-
tion of polyamine biosynthesis (Gong et al. 2017).

5  Chemical Priming with Polyamines

Polyamines application as seed treatment has been shown to improve plant toler-
ance to abiotic stress. In a study, polyamines (100 μM of spermine, Spm; putrescine, 
Put; and mixture of Spm and Put) application as seed priming and foliar application 
protected wheat plants under drought conditions. Drought-stressed plants displayed 
suppressed growth, changes in the accumulation of osmoprotectants, polyamines 
levels, expression of polyamines biosynthesis genes, and grain yield. Exogenous 
polyamines application enhanced osmoprotectant accumulation and cell water sta-
tus and upregulated the expression of polyamines biosynthesis genes (Ebeed et al. 
2017). Seed priming with 5 mM spermidine (Spd) modulated the seed polyamine 
metabolism that in turn improved chilling tolerance in rice plants. Chilling stress 
resulted in a significant decrease in seedling vigor index, seedling growth, and ger-
mination percentage. The key physiological attributes were significantly improved 
as a result of Spd priming. Priming with Spd increased glycinebetaine, flavonoids, 
and total phenolics accumulation. By contrast, priming decreased soluble proteins, 
sugars, and α-amylase activity in rice plants exposed to chilling stress. Activities of 
antioxidant enzymes (SOD, POD, APX, GPX) were higher in plants as a result of 
chilling stress. Priming with Spd resulted in further improvement in antioxidant 
enzyme activities. Chilling stress decreased the endogenous levels of Put and Spd, 
while the otherwise was true for Spm content. Polyamine biosynthesis genes 
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expression was improved as a result of Spd priming. The ultrastructure of leaf cell 
alongside the grain structure was higher in primed plants compared with those 
unprimed plants (Sheteiwy et al. 2017). In another study, seed priming with Spd and 
Spm was investigated in rice (sensitive cv. IR-64 and tolerant cv. Nonabokra) sub-
jected to salinity. The priming with polyamines mediated multiple metabolic path-
ways governing the salinity tolerance in rice seedlings. The transcript levels of 
osmolytes, ABA biosynthetic enzymes, nonenzymatic and enzymatic antioxidants, 
key transcription factors and ion transporters (NHX1), and polyamine metabolic 
enzymes were examined in roots and shoots of rice seedlings. Spm and Spd priming 
significantly enhanced the expression of antioxidant genes in different plant parts 
when compared with the nonprimed controls. The increase in gene expression was 
higher in case of Spm priming in salinity sensitive cv. IR-64 under salinity. The 
expression of genes related to osmolyte biosynthesis enzymes was higher as a result 
of seed priming with polyamines. Polyamines priming also enhanced the gene 
expression of ABA biosynthesis enzyme alongside the induced expression of NHX1 
under salinity in seedlings. The endogenous levels of polyamines were also greater 
in primed plants (Paul and Roychoudhury 2017). Likewise, Spd seed pretreatment 
improved osmolyte concentration, anthocyanin contents, and activity of polyphenol 
oxidase in rice plants. Pretreatment enhanced the antioxidant properties of rice plant 
under salinity stress. Plants raised from primed seeds exhibited lower oxidative 
damage and stimulated antioxidant system and better osmotic adjustment (Paul 
et al. 2017).

Polyamines presowing seed treatment was studied to see changes in germination 
and seedling growth in rice. Seeds were soaked in Spm, Put, and Spd solutions (10 
and 20 mg L−1). It was seen that seed priming with polyamines enhanced germina-
tion. Significant increase in seedling fresh and dry weight was recorded as a result 
of polyamines pretreatment. The results revealed 10 mg L−1 as the most effective 
dose that significantly improved germination and seedling growth in rice (Farooq 
et al. 2008). Seed priming in tomato with polyamines displayed significant effect on 
germination, antioxidant properties, and seedling vigor. Seeds were soaked in 
50 mg L−1 of Spm, Put, and Spd. Priming with Spm and Spd markedly enhanced 
seed vigor and stimulated antioxidant properties. However, Put priming did not 
influence seedling vigor and antioxidant properties (Afzal et al. 2009). In another 
study, seed priming with Put was investigated in tobacco under chilling stress. 
Chilling sensitive (MSk326) and tolerant (Honghuadajinyuan) varieties were used 
in the study. Seeds priming with 0.01 and 0.1 mM Put significantly enhanced seed-
ling dry weight, seedling length, germination index, and germination percentage. 
When seedlings were subjected to chilling stress, priming with 0.1 mM significantly 
enhanced the activities of antioxidant enzymes (SOD, POD CAT, and APX) along-
side the higher endogenous levels of polyamines (Spd, Spm, and Put). The results of 
the study recommended the use of 0.1 mM priming with Put could improve tobacco 
tolerance against chilling stress (Xu et al. 2011). In a study, the seed pretreatment 
with 2.5 and 5.0 mM Spd and Spm influence on ion accumulation and photosynthe-
sis and growth was examined in wheat under salinity. Primed and unprimed seeds 
were grown under filed conditions at 15 dS m−1 NaCl. Increase in growth and grain 
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yield was seed as a result of all priming treatment; however, Spm priming was the 
most effective treatment in enhancing grain yield. The cultivars did not differ with 
respect to transpiration rate and photosynthesis. Spm priming decreased stomatal 
conductance in tolerant wheat cultivar. Polyamines priming mediated ion accumula-
tion in sensitive (MH-97) and tolerant (Inqlab-91) wheat cultivars under salinity. 
Priming treatment significantly decreased accumulation of toxic Na and Cl besides 
the higher endogenous levels of K. Priming treatments had differential influence on 
growth, photosynthesis, and ion accumulation in two wheat cultivars (Iqbal and 
Ashraf 2005). Polyamine priming also increased drought tolerance in rice. Seeds 
were primed with 10 μM Put, Spd, and Spm besides the foliar application of poly-
amines. Presowing seed treatment significantly enhanced growth, water use effi-
ciency, and photosynthesis in rice exposed to drought conditions. Accumulation of 
phenolics, anthocyanins, and proline was significantly higher in treated plants. Seed 
priming also improved membrane integrity under drought conditions. The results 
revealed higher antioxidant properties that protected plants from oxidative damage 
reflected in the form of lower cellular levels of H2O2 (Farooq et al. 2009b).

Plant growth and productivity is significantly deteriorated as a result of abiotic 
stresses. Besides conventional breeding and transgenic approaches, chemical prim-
ing offers an efficient way to combat these environmental hazards. Despite ample 
research on the physiological and biochemical responses of pretreated plants, there 
is lack of information on the expression of stress-related genes. The new chemicals 
are being discovered which exhibit the potential to improve plant growth and devel-
opment under multiple abiotic stresses. The effective concentration of these chemi-
cals may vary with plant species and type of stress. Therefore, further research is 
required to understand the role of these chemicals as presowing seed treatments.
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Abstract Being a member of the reactive oxygen species, hydrogen peroxide 
(H2O2) is involved in signaling pathways associated with diverse antioxidant 
responses during abiotic stress. Thus, priming with H2O2 enables the seeds or seed-
lings to activate their antioxidant machineries and acclimatize prior to abiotic stress 
exposures. Hence, H2O2-priming actually hardens the plants to better cope with 
suboptimal conditions. This chapter discusses on the displayed mechanisms of 
H2O2-mediated tolerance in plants subjected to diverse abiotic stresses like salinity, 
drought, heat, cold and heavy metals.
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1  Introduction

Reactive oxygen species (ROS) like hydrogen peroxide (H2O2), hydroxyl, and 
superoxide radicals are toxic derivatives of oxygen, rapidly produced in plant cells 
subjected to almost any kind of abiotic stress (Banerjee and Roychoudhury 2018a). 
Abiotic stresses include salinity, drought, temperature, heavy metal toxicity, etc. 
(Banerjee and Roychoudhury 2018b, c, d, e). The uncontrolled production of ROS 
extensively degrades protein and nucleic acid structures, leading to cellular dys-
function and necrosis in plants (Banerjee et  al. 2018a, b). Plants are intelligent 
organisms, which have evolved strategies to maintain low ROS titters even under 
abiotic stress. Many varieties show a tolerant phenotype under such suboptimal 
conditions (Banerjee et al. 2017; Banerjee and Roychoudhury 2016a, b).

Among the ROS, H2O2 has the longest half-life of 1 ms, owing to which it can 
traverse across various cellular compartments in order to initiate retrograde signal-
ing (Noctor et al. 2014). The electron transport chains (ETCs) and redox reactions 
in the chloroplast and mitochondria are the sources of H2O2 within the cell (Miller 
et al. 2010). The NADPH-dependent oxidases, similar to respiratory burst oxidase 
homologs (RBOH), also produce H2O2. The peroxidases associated with the cell 
wall generate significant amounts of these molecules (Kapoor et al. 2015). The pro-
duction of H2O2 under abiotic stress is balanced by the species-specific efficiency of 
the antioxidant machinery. Nonenzymatic antioxidants proline (Pro), glycinebeta-
ine (GB), ascorbate (AsA), glutathione (GSH), polyamines (PAs), etc. and enzy-
matic antioxidants superoxide dismutase (SOD), ascorbate peroxidase (APX), 
glutathione peroxidase (GPX), catalase (CAT), etc. participate in the scavenging of 
ROS (Hossain et al. 2015).

Generation of abiotic stress-tolerant phenotype in plants has been achieved by 
several methods. Priming of seeds or seedlings or even exogenous treatment of the 
seedlings with a protective agent can be an economically cheap method for amelio-
rating the stress-induced injuries in plants (Nahar et  al. 2014; Banerjee and 
Roychoudhury 2018f). In spite of being a toxic molecule, priming of plants with 
low doses of H2O2 interestingly confers tolerance to different abiotic stresses 
(Sathiyaraj et al. 2014). This process was found to increase basic physiological fea-
tures like root length, shoot length, and chlorophyll (Chl) content and reduce the 
cytotoxic methylglyoxal (MG) level in stressed plants (Hossain and Fujita 2013). 
This chapter presents a brief discussion on the roles and instances of H2O2 acting as 
a signaling molecule to activate the antioxidant machinery during abiotic stresses.

2  H2O2-Induced Signaling Induces Stress Tolerance

Being an oxidant, H2O2 acts as a signaling molecule in coordination with GSH and 
Cys residues of protein. Being electron rich in nature, the Cys residues are the major 
sites of oxidant-mediated modifications (Akter et al. 2015). The heat shock factors 
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(HSFs) act as transcription factors (TFs) capable of regulating stress-inducible gene 
expression in H2O2-dependent fashion (Baniwal et  al. 2004). Miller and Mittler 
(2006) reported that the HSFs directly sense ROS for their action during oxidative 
stress. Expression of cytosolic APX1 and APX2 is mediated by HSFs in ROS- 
dependent manner (Mazars et al. 2009).

A large signaling network comprising of Ca2+-dependent signaling, protein 
kinases, and metabolic cross talks is thought to be associated with H2O2-mediated 
transduction processes. The protein kinases include Ca2+-dependent protein kinases 
(CDPKs) and mitogen-activated protein kinases (MAPKs) (Zhou et  al. 2014). A 
large number of MAPK and CDPK cascades are regulated by H2O2 during abiotic 
stresses (Roychoudhury and Banerjee 2017). Oxidative stress induces MAPKKK1, 
which together with H2O2 is required for ultimate MAPK4 activation (Mittler et al. 
2011). H2O2 application also induced the expression of MAPK12 (Mittler et  al. 
2011). Cold stress increased H2O2 accumulation, which induced RBOH1 expression 
and NADPH oxidase activity (Zhou et al. 2012). Pan et al. (2012) found that exog-
enous H2O2 application activated MAPK cascades in Arabidopsis thaliana, which 
ensured better ROS detoxification. MAPK3/6 was found to be induced under Cd2+-
induced stress after accumulation of H2O2 (Liu et al. 2010).

H2O2 also regulated Ca2+ homeostasis in order to dictate guard cell functioning 
during stomatal opening–closing under the conditions of abiotic stresses (Hossain 
et al. 2015). Bhattacharjee (2008) reported that the application of Ca2+ inhibitor like 
trifluoperazine and Ca2+ chelator like ethylene glycol tetraacetic acid (EGTA) in 
germinating Amaranthus seeds significantly decreased the endogenous H2O2 con-
tent. The expression of CDPKs was enhanced in tomato and wheat leaves treated 
with H2O2 (Wei et al. 2014). It was also reported that CAT scavenged H2O2 within 
the peroxisomes of Arabidopsis guard cells in a Ca2+-dependent fashion (Costa et al. 
2010).

The TFs like zinc fingers and WRKY are broadly involved in the regulation of 
ROS-detoxifying genes (Banerjee and Roychoudhury 2015, 2017). Application of 
H2O2 in apx knockout mutants of Arabidopsis resulted in accumulation of zinc fin-
ger proteins, ZAT7 and ZAT12 (Rizhsky 2004). H2O2 and nitric oxide (NO) together 
regulated stomatal closure in Arabidopsis leaves exposed to UV-B rays (He et al. 
2005). Wang et  al. (2010a, b) proposed that the H2O2-mediated NO synthesis in 
Arabidopsis might be regulated by MAPK6.

3  Mechanism of H2O2-Mediated Protection Against Abiotic 
Stress in Plants

It has been recently reviewed that H2O2 participates in retrograde signaling after its 
production from the chloroplast and mitochondria in order to induce the expression of 
stress-responsive genes encoded by the nucleus (Hossain et al. 2015). H2O2 priming 
enhances accumulation of heat shock proteins (Banerjee and Roychoudhury 2018b), 
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activates the AsA–GSH cycle (Banerjee et al. 2016), and promotes the accumulation of 
Pro (Roychoudhury and Banerjee 2015; Hossain et al. 2015). This results in reduced 
ROS and MG accumulation along with enhanced rates of photosynthesis (Hossain et al. 
2015). Huang et al. (2015) reported that pretreatment of seeds with H2O2 resulted in 
lowered accumulation of ROS and also conferred protection to the cellular organelles.

Correlation among H2O2 and other phytohormones has also been reported. 
Exogenous application of abscisic acid (ABA) resulted in inducing the expression 
of NADPH oxidase (Zhang et al. 2001). The ABA–ROS signaling cross talk was 
proposed to be integrated by MAPK9 and MAPK12 (Jammes et  al. 2009). Kim 
et al. (2010) highlighted H2O2 as a crucial signaling mediator of ABA-induced sto-
matal closure during salinity and drought. The activities of H2O2-degrading enzymes 
like CAT and APX were suppressed by salicylic acid (SA) treatment (Yuan and Lin 
2008). According to Rao and Davis (1999), H2O2 requires SA to trigger antioxidant- 
and defense-related responses in plants exposed to ozone stress. Vlot et al. (2009) 
inferred that SA and H2O2 form a self-amplifying feedback loop in plants subjected 
to both abiotic and biotic stresses. The interactions between H2O2 with jasmonic 
acid (JA) are also reported. Wang et  al. (2012) showed that methyl jasmonate 
(MeJA) could be a crucial signal transducer and could regulate the levels of H2O2 
and NO. JA interacted with ethylene, SA, and ABA during oxidative stresses trig-
gered by desiccation (Brossa et al. 2011).

4  H2O2-Priming and Abiotic Stress Tolerance in Plants

4.1  Exogenous H2O2 Promotes Salt Stress Tolerance

Salinity is also known as physiological drought stress due to toxic infiltration of Na+ 
ions within tissues and altered osmotic pressure. Ellouzi et al. (2017) reported that 
seed priming by H2O2 promoted salt and drought tolerance in Cakil maritima com-
pared to that by mannitol. H2O2 priming ameliorated growth and antioxidant defense 
during salinity and drought. The injuries caused by oxidative stress were drastically 
reduced due to high accumulation of AsA, GSH, and Pro. The redox balance was also 
well maintained, and H2O2 priming enabled the plants to memorize the stress- induced 
responses, so that they could rapidly activate the required signaling on later exposure 
to stress cues (Ellouzi et  al. 2017). Treatment of Panax ginseng seedlings with 
100 μM H2O2 enhances salt tolerance. This was accomplished due to increased activ-
ities of antioxidant enzymes like APX, CAT, and guaiacol peroxidase (POD). The 
endogenous accumulation of ROS and MDA was also suppressed (Sathiyaraj et al. 
2014). H2O2 treatment increased seedling dry weight and content of photosynthetic 
pigments (Chl and carotenoids) and modulated the entire physiological metabolism. 
This led to better growth and development in the treated plants subjected to salt stress 
(Sathiyaraj et al. 2014). Treatment of wheat seedlings with 50–100 μM H2O2 miti-
gated the toxic effects of salt stress (Ashfaque et al. 2014). The water relations, Pro 
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content, and nitrogen assimilation were improved in the treated plants compared to 
untreated seedlings under salt stress (Ashfaque et al. 2014). Zea mays plants treated 
with H2O2 exhibited higher relative water content (RWC), Chl, and decreased ROS 
accumulation. Interestingly AsA and GSH contents did not vary much after treat-
ment, indicating that these might not be involved in the scavenging of ROS (Gondim 
et al. 2013). Li et al. (2011) also revealed that exogenous H2O2 increased APX, CAT, 
SOD, and POD activities in wheat seedlings grown in saline medium.

4.2  Exogenous H2O2 Promotes Drought Stress Tolerance

Physical drought stress is the prime abiotic factor behind desiccation in plant species 
across the globe. Priming with H2O2 alleviated the drought-induced injuries in soy-
bean seedlings (Ishibashi et al. 2011). The RWC, photosynthetic rate and stomatal 
conductance along with the expression of genes like galactinol synthase and myo-
inositol 3-phosphate synthase 2 increased in seedlings treated with H2O2 (Ishibashi 
et al. 2011). Exogenous application of H2O2 stimulated the production of the stress 
phytohormone, ABA in Phaseolus vulgaris seedlings. The photosynthetic pigment 
content and other growth parameters were all well maintained in the treated seed-
lings subjected to drought (Abass and Mohamed 2011). The cell membrane stability 
was increased, and the MDA production was suppressed in Brassica juncea seed-
lings treated with H2O2. The activities of antioxidant enzymes like APX, CAT, gluta-
thione reductase (GR) and glutathione-S-transferase (GST) were all enhanced in 
these treated plants, which allowed lower accumulation of endogenous H2O2 (Hossain 
and Fujita 2013). Maize seedling pretreatment with 10  mM H2O2 ameliorated 
osmotic stress-induced injuries by decreasing the MDA level and promoting stoma-
tal conductance (Terzi et al. 2014). The ABA concentration along with Pro, PAs, and 
soluble sugar contents also increased in these plants under drought (Terzi et al. 2014).

4.3  Exogenous H2O2 Promotes Temperature Stress Tolerance

The variations of temperature can result in both cold and heat stress in plant species. 
Priming with H2O2 has generated stress-tolerant phenotype in some plant species. 
Exogenous application of H2O2 induced acclimation to short-term cold stress in 
tomato seedlings (Iseri et al. 2013). The anthocyanin level in these plants was far 
higher than the non-treated seedlings subjected to 3 °C for 16 h. The acclimatized 
plants also exhibited high RWC and low MDA and lipid peroxidation. The activities 
of antioxidant enzymes like APX and CAT were enhanced in the roots of the treated 
plants exposed to cold stress (Iseri et al. 2013). Pretreatment of pea seeds with 70 mM 
H2O2 reduced the ROS-induced damages and increased Chl and carotenoid contents 
under cold stress (Moussa and Mohamed 2011). Foliar pretreatment of Mascarene 
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grass and manila grass with 10 mM H2O2 increased the enzymatic activities of APX, 
GPX, CAT, GR, and POD during chilling stress (Wang et al. 2010a, b).

The exogenous application of 10 mM H2O2 promoted heat stress tolerance in 
Lolium perenne and Festuca arundinacea (Wang et al. 2014). The activities of POD, 
CAT, APX, GR, and GPX all increased in the treated plants under high temperature 
stress. Accumulation of osmolytes like AsA and GSH was also observed (Wang 
et al. 2014). The activities of SOD, CAT, APX, and GR, along with total thiol con-
tent, increased in the H2O2-treated rice cultivars SR 26B and Ratna, exposed to heat 
stress (Bhattacharjee 2012).

4.4  Exogenous H2O2 Alleviates Heavy Metal Toxicity

Application of H2O2 has also resulted in tolerance to heavy metal stress in plant spe-
cies. Pretreatment with 100 μM H2O2 reduced the Cd-induced damages in rice seed-
lings (Hu et al. 2009). This was accomplished by an enhanced antioxidant system 
(Hu et al. 2009). Chao et al. (2009) reported that treatment with H2O2 increased the 
GSH content in rice plants which in turn regulated Cd-stress tolerance. Xu et al. 
(2010) highlighted that exogenous spraying of H2O2 induced the activities of CAT, 
POD, SOD, GPX, and GR and promoted tolerance to Al-induced phytotoxicity. 
Cr-induced stress in Brassica napus seedlings was mitigated upon H2O2 application 
(Yildiz et al. 2013). The thiol content and the activities of antioxidant enzymes were 
observed to be greater in these treated plants compared to the non-treated sets. The 
treated seedlings subjected to Cr stress also exhibited high accumulation of the 
metallothionein 1 protein and reduced content of MDA (Yildiz et al. 2013). Guzel 
and Terzi (2013) showed that the H2O2-pretreated seedlings of maize accumulated 
high levels of Pro and total soluble sugars. This enabled the treated plants to better 
tolerate Cu-mediated stress. The authors also suggested additional osmotic regula-
tion in the mitigation of Cu-induced injuries in H2O2-primed maize seedlings (Guzel 
and Terzi 2013).

5  Conclusion

H2O2 is a member of the ROS family. Overaccumulation of this molecule occurs 
during almost all kinds of environmental stresses. H2O2 is involved in multiple sig-
naling pathways associated with diverse antioxidant responses. This mechanism has 
been utilized by scientists to use H2O2 as a priming agent so that the endogenous 
antioxidant machinery remains active before encountering abiotic stress. As a result, 
the stress-induced injuries are less, and post-stress recovery is enhanced. Various 
instances show that seedling as well as seed priming with H2O2 have promoted tol-
erance to salinity, drought, cold, heat, and heavy metals in diverse plant species. 
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Such growth-promoting effects of H2O2 can be utilized for generating multiple abi-
otic stress tolerant traits, via an economically cheap and labor-free strategy.

6  Future Perspectives

The knowledge regarding the stress ameliorative effects of H2O2 has raised the 
necessity of understanding the associated genome-wide alterations and molecular 
signaling cascades. These aspects are less known in this field of research. Next- 
generation sequencing technologies including RNA-Seq and bisulfite sequencing 
can be used to identify the transcriptomic and epigenomic variations induced by 
H2O2. These technologies will better aid in the identification of molecular targets 
which can be utilized for transgenic studies. The development of a signaling blue-
print operative during H2O2 priming in plant species would also be beneficial for 
serving the above purposes.
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Abstract Unfavorable environmental conditions and extreme abiotic stresses 
(high/low temperature, drought, salinity, and heavy metal stress) severely affect 
crop growth and productivity. Although different measures have been taken to coun-
ter the detrimental effects of climatic conditions through the development of 
drought-, salt-, and heat-tolerant varieties. Nevertheless, seed priming is considered 
one promising approach to get successful crop production due to improved seed 
germination and stand establishment ensuring food production and sustainability. 
Seed priming is a technique in which crop seeds are dipped in the water, nutrients, 
or plant growth regulators to allow the metabolic activities to occur without radicle 
protrusion. Priming of crop seeds with micronutrients has been shown to improve 
abiotic stress tolerance and quality of produce.

Keywords Abiotic stress tolerance · Nutrient priming · Oxidative stress · Crop 
productivity · Crop yield
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BR Brassinosteroid
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NO Nitric oxide
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POX Peroxidase
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1  Introduction

Abiotic stresses such as drought, heat stress, chilling, frost, heavy metal, waterlog-
ging, and salinity cause severe yield reductions and deteriorate quality of crops. 
These stresses negatively affect plant growth and productivity (Jisha et al. 2013; 
Shahzad et al. 2018a, b) and cause unpredictable yield losses in crops (Jakab et al. 
2005). More than 50% of yield reductions have been recorded under abiotic stresses 
in major field crops globally (Boyer 1982; Bray et al. 2000).

Seed priming is an effective approach to augment the uniform and rapid emer-
gence and high seedling vigor and yield in many field crops under unfavorable 
environments (Paparella et al. 2015; Rehman et al. 2018a, b). The primed plants had 
quick and sturdy cellular defense against environmental stresses (Jisha et al. 2013). 
The salinity or drought stress causes diverse metabolic, biochemical, and physio-
logical changes in crop plants (Xiong and Zhu 2002) leading to oxidative stress and 
results in poor plant performance (Shafi et al. 2009). However, primed seeds show 
improved germination rate, uniformity of germination, and total germination per-
centage under these stressed conditions (Basra et al. 2005).

2  Seed Priming and Abiotic Stress Tolerance

During priming, the cellular defense mechanism is activated in plants, which imparts 
tolerance against subsequent abiotic stresses under field conditions (Beckers and 
Conrath 2007). Seed priming with water, selenium, calcium chloride, hydrogen per-
oxide, and salicylic acid improves the chilling stress in rice seedlings owing to 
increase in peroxidase (POD), superoxide dismutase (SOD), catalase (CAT), gluta-
thione (GT), and free proline contents (Hussain et al. 2016). Various priming meth-
odologies and approaches have been developed so for including hydropriming, 
chemical priming, osmopriming, hormonal priming, etc., for imparting abiotic 
stress tolerance in plants (Table 1). It is evident that rate and uniformity of seedling 
emergence are positively improved with priming; however, its effectiveness varies 
greatly with different priming techniques and agents under different stresses (Parera 
and Cantliffe 1991; Iqbal and Ashraf 2005).

2.1  Hydropriming

Hydropriming (HP)  is a simple presoaking of seeds in sterilized water for some 
period before radical protrusion. It  is a simple, economical, and safe approach 
towards stand establishment, osmotic adjustment, and crop production under subop-
timal conditions (Kaur et al. 2002). The HP of chickpea seeds for 12 h has been 
shown to improve the germination of chickpea under low-temperature environment 
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(Elkoca et al. 2007). HP also causes enhancement of biochemical and physiological 
aspects in the seeds during germination (Basra et  al. 2003). For instance, HP 
increased root and shoot length by three- to four-fold under drought stress compared 
to unprimed seeds (Kaur et al. 2002). In a recent study, Farooq et al. (2018a, b) 
showed that terminal drought priming improves the drought tolerance in chickpea 
owing to accumulation of trehalose, proline, and total phenolics. Under saline con-
ditions, HP of basil (Ocimum basilicum L.) improved seedling vigor, germination, 
and seedling dry weight (Farahani and Maroufi 2011). Similarly, HP enhanced the 
germination and seedling growth of mung bean at low temperature due to fast 
recovery of stress injuries (Posmyk and Janas 2007).

2.2  Osmopriming

Soaking of seeds in low water potential aerated solutions to restrict the amount and 
extent of imbibition is known as osmopriming. Osmopriming of seeds converts the 
seeds to physiologically active and hydrated state from dry and inactive state (Chen 
and Arora 2011).

2.2.1  Osmopriming with PEG

Several chemicals have been used to create low water potential during osmopriming 
such as KNO3, CaCl2, NaCl, KCl, K3PO4, MgSO4, mannitol, KH2PO4, PEG, etc. 
(Farooq et al. 2005). However, polyethylene glycol (PEG) is the most commonly 
used priming agent due to its larger molecular size, nontoxic nature, and lower 
potential without penetrating into seeds during soaking (Thomas et  al. 2000). 
Osmopriming (PEG-0.5 MPa) of chickpea seeds for 24 h enhanced the germination 
and showed vigorous growth under low temperature (Elkoca et al. 2007). Similarly, 
osmopriming of spinach seeds with PEG increased seed germination, and enhanced 
antioxidant activities alleviated stress acclimation (Chen and Arora 2011). In 
another study, PEG osmopriming improved seed germination of Bromus inermis 
under drought and salinity stress (Tavili et al. 2011). Yuan-Yuan et al. (2010) dem-
onstrated that seed priming with PEG in a proper concentration was found effective 
in improving the germination and seedling growth under stress conditions.

Osmopriming of seeds with PEG has great potential to improve stand establish-
ment and performance of crop plants under stressful environment (Zhang et  al. 
2015). Improvement in antioxidant activities like POX, SOD, and CAT has been 
observed in PEG osmoprimed sorghum (Sorghum bicolor L.) under suboptimal 
water stress (Zhang et al. 2015). Seed priming with PEG permits seeds to initiate the 
membrane repairing systems and metabolic preparations for germination through 
controlling the absorption of water in seed under abiotic stresses (Jisha et al. 2013). 
In addition, PEG has not any harmful effects on the germinated seed (Mehra et al. 
2003). Under water deficit conditions, alfalfa (Medicago sativa L.) seeds treated 
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with PEG6000 (−0.6  MPa) showed improved germination and healthy seedling 
growth, improved root length and antioxidant defense mechanism, but reduced elec-
trolyte leakage from cell and malondialdehyde (MDA) contents (Mouradi et  al. 
2016). Therefore, it is evident from several studies that seed priming with PEG 
helps in repairing damage of aged seeds or those experienced stress by increasing 
osmotic adjustment under drought and salinity stress as observed in rice and alfalfa 
(Butler et  al. 2009; Sun et  al. 2010; Amooaghaie 2013; Yacoubi et  al. 2013). In 
another study, seed priming with PEG 6000 improved the germination and seedling 
growth of tomato under suboptimal temperature (Amooaghaie and Nikzad 2013). 
Moreover, osmoprimed seeds exhibited higher amylase (α and β) activities and 
sugar content under low-temperature stress (Amooaghaie and Nikzad 2013).

2.2.2  Osmopriming with NaCl

Salt stress tolerance in plants can be induced by priming seeds with NaCl as the 
seeds primed with salts may build osmotic adjustment and have high sugar contents 
owing to higher Na and Cl in roots (Cayuela et al. 1996). In a study, priming of 
capsicum seeds with normal water, warm water (40  °C), and NaCl (50  mM) 
increased germination percentage (7%–17%) exposed to subsequent stress (cold 
and salt). Only the seedlings primed with thiourea, hydrogen peroxide, or ABA 
showed higher tolerance under cold and salt stress with 100% survival for 10 days 
(Yadav et al. 2011).

Salt priming of sugarcane reduced the negative effects of salinity and drought 
(Patade et al. 2009). Some other studies showed similar results under saline environ-
ment as osmopriming induced improvement in germination/emergence and seed-
ling growth of canola (Farhoudi and Sharifzadeh 2006) and chickpea (Sarwar et al. 
2006). Seed priming with salt induced salt tolerance owing to improved seedling 
vigor, metabolism, enhanced accumulation of Ca+2 and K+, and reduced Na+ con-
tents in wheat (Afzal et al. 2005). Similarly, sunflower plants showed increased salt 
stress tolerance in primed seeds due to enhanced accumulation of Ca+2, K+, and 
proline (Bajehbaj 2010). In another study, Saha et al. (2010) observed that pretreat-
ment of mung bean seeds with NaCl decreased the negative effects of NaCl by 
increasing the growth, photosynthetic pigments, and antioxidant activities.

2.2.3  Mannitol

Mannitol is an important osmolyte, and a significant proportion is synthesized in 
many plant species (Su et al. 1999; Mitoi et al. 2009). It plays crucial role in osmotic 
adjustment and scavenging of hydroxyl radicals (OH•) (Shen et al. 1997; Srivastava 
et al. 2010b). Literature shows that seed priming with mannitol (4%) improves the 
activities of amylase and invertases (alkaline and acid), sucrose synthase, and sucrose 
phosphate synthase that enhanced the tolerance against drought and saline-stressed 
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chickpea (Kaur et al. 2002; Sarwar et al. 2006). About two-fold increase in acid and 
alkaline invertases in the primed seedling was observed in the cotyledons of chick-
pea, while improved amylase activity enhances the quick hydrolysis of transitory 
starch that help to increase the glucose availability resulting in healthier seedling 
(Kaur et al. 2002). Contrarily, abiotic stresses decrease the starch mobilization in 
cotyledon and movement of sucrose toward embryonic axis from cotyledon (Gupta 
et al. 1993; Kaur et al. 2000) and reduce the sucrose accumulation because of low 
activities of enzymes related to breakdown of starch (Gonzalez et al. 1995). Amoghein 
et al. (2013) demonstrated that seed priming with mannitol (5%) improves the hypo-
cotyl and coleoptile length, root length that helps plant to survive under saline stress.

2.2.4  Other Chemicals

The osmopriming with CaCl2 and redox priming with H2O2 of rice seeds improves 
the chilling stress in rice seedlings (Hussain et al. 2016). Seed priming of tobacco 
with putrescine improved the cold stress tolerance in tobacco during germination and 
early seedling growth owing to activation of antioxidant system (Xu et al. 2011). 
Priming of maize seeds with chitosan enhanced the germination rate and seedling 
growth under chilling stress (Guan et al. 2009). Similarly, the priming of chickpea 
seeds with CaCl2 (−1.25 MPa) improves the chilling stress owing to better germina-
tion metabolism and accumulation of trehalose contents (Farooq et al. 2017). Priming 
with KNO3 enhanced the germination in watermelon (Demir and Mavi 2004); germi-
nation, root, and shoot length in tomato (Nawaz et al. 2011); and uniformity of emer-
gence in leek (Brocklehurst et al. 1984), tomato (Ozbingol et al. 1998), and sorghum 
(Moradi and Younesi 2009). Salt priming with KNO3 in cucumber and sunflower 
showed increased seedling vigor (Singh and Rao 1993; Ghassemi- Golezani and 
Esmaeilpour 2008). Osmopriming of rice seeds with KCl and CaCl2 improved the 
emergence, emergence energy, and seedling emergence index (Farooq et al. 2006).

2.3  Nutrient Priming

Nutrient priming is a technique in which seeds are soaked in solutions containing 
limiting nutrient instead of just water (Arif 2005). The mineral status of plants 
helps in resistance against environmental stress (Marschner 1995). Under stress 
conditions, potassium (K) plays a significant role in plant survival (Cakmak 
2005). Seed priming with Zn2+ improves the grain yield in several field crops like 
chickpea (Arif et al. 2007), rice (Farooq et al. 2018a, b), and wheat (Rehman et al. 
2015, 2018a, b). Seed priming with Zn improves the Zn concentration in progeny 
seeds (Rehman et  al. 2018a, b), which helped plants in improving resistance 
against salinity, drought, and waterlogging stress (Faran et al. 2019). Seed prim-
ing with Mn2+ improves the grain yield and grain Mn concentration of wheat 
(Ullah et al. 2017b) and rice (Ullah et al. 2017a).
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2.4  Hormonal Priming

Phytohormones such as cytokinin (CK), auxin (IAA), gibberellin (GA), abscisic 
acid (ABA), ethylene (ET), salicylic acid (SA), brassinosteroid (BR), jasmonic acid 
(JA), etc. are considered vital for the various processes related to growth and devel-
opment of plants and also involved in signaling and cross talk under various internal 
and external stimulus. Hormonal priming involves the use of phytohormones or 
plant growth regulators in the priming medium. Plant growth regulators have been 
found effective in improving the crop performance under optimal and suboptimal 
growth conditions. For instance, ABA is a phytohormone involved in a number of 
abiotic stresses such as osmotic, low temperature, and drought stress (Fujita et al. 
2006). The exogenous application of abscisic acid improves the salt tolerance in 
plants (Xiong and Zhu 2002). The Indian mustard seed priming with ABA increased 
the germination rate compared to non-primed seed (Srivastava et al. 2010a, b). The 
hormonal priming of wheat seed with IAA improved the hypocotyl length and dry 
weight of seedling under salt stress conditions (Akbari et al. 2007). The priming of 
Agropyron elongatum with ABA and gibberellin induced activities of CAT and 
SOD under drought stress (Eisvand et al. 2010). A decade ago, Tavili et al. (2009) 
demonstrated that seed priming with ABA (300 mg L−1) improved the germination 
and seedling growth/vigor index of Agropyron elongatum (Tavili et al. 2009).

According to Gul and Khan (2003), priming of Salicornia utahensis with PGRs 
such as ethephon and kinetin improved the germination and alleviated the negative 
effects of salinity. Recently, Bajwa et  al. (2018) demonstrated that seed priming 
with benzyl aminopurine (BAP) (5 mg L−1) and sorghum water extract (SWE) alone 
or in combination improves the salt tolerance in bread wheat. The improved salt 
tolerance in BAP- and SWE-primed wheat seeds was attributed to the enhanced 
total phenolics, soluble sugars, photosynthetic pigment, and K uptake, while plants 
raised from hormonal primed seed exhibited lower Na accumulation. In a study, 
Hussain et al. (2016) reported that hormonal priming of rice seedlings with salicylic 
acid (100 mg L−1 salicylic acid) improves the chilling stress in rice. The seed prim-
ing of sweet pepper with salicylic acid 0.3 mM improves the germination and early 
seedling growth under salinity stress (El-Afifi et al. 2016). Li et al. (2013) found that 
seed priming with GA3 improved the germination and seedling growth in winter 
wheat with lower lipid peroxidation and ROS generation under chilling stress.

Hormonal priming has been found effective in inducing thermal stress (heat and 
cold stress) tolerance in crop plants. Few years back, Rehman et al. (2012) demon-
strated that seed priming of maize with SA or JA helps to ameliorate the adversity 
of heat stress by hastening the seedling emergence and improving the seedling 
growth, water relations, and membrane stability. Recently, Górnik and Lahuta 
(2017) found that seed priming of sunflower with SA or JA followed by short-term 
exposure to high temperature (45 °C, 2 h) reduces the adverse effects of chilling 
stress by improving seedling growth, carbohydrate accumulation, sugar metabo-
lism, and Fv/Fm under low-temperature condition. In tomato, SA seed priming (0.25, 
0.5, and 0.75 mM) improved the plant growth, flowering, fruit yield, and quality 
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under supra-optimal temperature (Singh and Singh 2016). In a study, Guan et al. 
(2009) reported that seed priming of maize with chitosan improved the germination 
and seedling growth under low temperature. Pre-sowing seed soaking of rice seeds 
with selenium (Se) (50 μM) improves the chilling stress in rice seedlings (Hussain 
et  al. 2016). At low concentrations, Se has a positive effect on crop growth and 
stress tolerance (Hasanuzzaman et al. 2010). The priming of bitter gourd with Se 
protects the plants under suboptimal temperature by increasing the antioxidant 
activities (Chen and Sung 2001).

2.5  Seed Priming with Polyamines and Stress Signaling 
Compounds

Polyamines (PAs) are low molecular weight nitrogenous compound, which play a 
vital role in plant developmental processes and stress tolerance. Most abundant 
polyamines are putrescine (Put), spermine (Spm), and Spermidine (Spd) (Alcázar 
et  al. 2010). These PAs play a protective role against various biotic and abiotic 
stresses such as these bind to several negatively charged proteins and antioxidant 
enzymes and by modulating the protein activities (Bouchereau et al. 1999). Seed 
priming with Put (0.1 mM) substantially improved the germination and seedling 
growth in chilling tolerant and sensitive cultivars of tobacco. Tobacco plants raised 
from primed seeds exhibited higher accumulation of endogenous Put, Spd, and Spm 
and increased activities of APX, CAT, SOD, and POD activities on exposure to 
chilling stress (5 °C) with lower MDA level (Xu et al. 2011). In white clover, seed 
priming with Spd (30 μM) improved the germination-related traits, root develop-
ment, and seedling dry weight under drought stress compared to non-primed seeds. 
Furthermore, Spd-treated seeds showed higher α- and β-amylase activities and 
higher transcript level of β-amylase gene, improved starch metabolism, and reduc-
ing sugar, glucose, and fructose content with lower MDA level during germination. 
Furthermore, Spd priming augments the antioxidant activities (APX, SOD, POD, 
and CAT) with higher expression of genes controlling these enzymes (Li et  al. 
2014). In another study, Chunthaburee et al. (2014) demonstrated that Spd (1 mM) 
primed seeds of color rice showed less reduction in growth, anthocyanin, and chlo-
rophyll content under salt stress (150 mM) over control with lower ROS level and 
higher phenolics and antioxidant capacity under salt stress conditions.

Seed priming of winter wheat with sodium nitroprusside (SNP), a nitric oxide 
(NO) donor, substantially improved the seedling emergence, vigor index, and seed-
ling growth through enhanced amylase activities, starch degradation, respiration, 
and better antioxidant defense capacity with lower MDA and H2O2 level (Li et al. 
2013). A decade ago, Zheng et al. (2010) demonstrated that pre-sowing seed soak-
ing in NO (0.1 mM) solution improved wheat performance under salt stress condi-
tions (300 mM). The authors observed higher germination rate, radicle and coleoptile 
weight, respiration, ATP synthesis, amylase, CAT and SOD activities, and reduced 
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MDA, H2O2, and O2
•−  level. Amooaghaie and Nikzad (2013) showed that primed 

tomato seeds with SNP enhanced the germination index, seedling growth, sugar 
content, and α- and β-amylase activities under low-temperature stress which was 
associated with high NO level in primed seeds. Likewise, pre-sowing seed treatment 
with H2O2 improved the tolerance against drought stress in wheat by improving the 
germination, photosynthesis, leaf development, biomass production, water use effi-
ciency, and proline content. Furthermore, H2O2 showed higher expression of CAT 
and APX with lower ROS damage (He and Gao 2009). Similarly, pre-sowing seed 
soaking in H2O2 solution (100 μM) mitigated the Cd-induced stress in rice by aug-
menting the activities of APX, CAT, SOD, guaiacol peroxidase (GPX), and glutathi-
one S-transferase (GST) with substantial increase in ascorbic acid and reduced 
glutathione (GSH) level. Moreover, H2O2 lowered the ROS damage and Cd accu-
mulation and translocation in rice plants (Hu et al. 2009).

In conclusion, redox priming and pre-sowing seed treatment with PAs and other 
signaling compounds help in mitigating the adverse effects of environmental 
stresses through enhanced cellular signaling, activation of antioxidant defense sys-
tem, modulation of structure and function of proteins, and regulation of genes 
involved in stress responses.

2.6  Biological Priming/Biopriming

Different plant extracts can be used for seed priming to enhance plant’s ability against 
abiotic stresses. Biopriming has been found effective in improving the growth, yield, 
nutrient solubilization, and uptake from soil and their translocation in seed (Rehman 
et al. 2018a, b). Biopriming refers to the induction of tolerance/resistance in tissue 
propagules by employing beneficial microorganism (PGPR, plant growth promoting 
rhizobacteria) under abiotic stresses during germination (Kavino et  al. 2010). 
Soaking of pea (Pisum sativum L.) seeds in aqueous extract of Typha angustifolia 
improves root length, ameliorates cell metabolic activity (increase formazan concen-
tration), increases the proline contents, decreases MDA contents, and modulates the 
membrane stability, ionic homeostasis, and photosynthetic pigments (Ghezal et al. 
2016) that help in alleviating the inhibitory effects of salt stress. Moreover, seed 
priming increases the total soluble sugars and functioning of α-amylase activity; 
exhibits quick initiation of DNA, RNA synthesis, and protein repair (Tilahun-Tadesse 
et al. 2013; Soughir et al. 2013); and increases the cell division in apical meristem, 
leading to better germination and overall performance (Sakhabutdinova et al. 2003; 
Ghezal et al. 2016) of wheat, rice, and fenugreek and pea.

Addition of PGPR with seed priming benefits the growth of plant by increasing 
the root growth and germination, improves leaf area and chlorophyll contents, 
enhances uptake of mineral nutrients (including N, P and K), ameliorates hydraulic 
conductivity, modulates protein synthesis, and delays senescence under drought and 
salinity resulting in higher grain yield (Lucy et al. 2004; van Loon 2007). Application 
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of Bacillus cereus in rice, chickpea, mung bean, Pseudomonas putida, and 
Enterobacter cloacae in wheat significantly promotes the growth and enhances the 
activities of CAT, POD, and SOD. Additionally, this process improves the function-
ing of β-1, 3 glucanase, chitinase, and phenyl alanine ammonia that helps the plant 
perform better under salinity stress (Chakraborty et al. 2013; Nadeem et al. 2013). 
Kasim et al. (2013) documented that biopriming with A. brasilense and B. amyloliq-
uefaciens induces drought tolerance in wheat by upregulating the expression of 
stress-related genes.

2.7  Solid Matrix Priming

Solid matrix priming means to mix the seeds with a soil career, moistened with 
water to achieve the potential necessary for priming (Madsen et al. 2018); various 
reports indicated that sometimes solid matrix priming performs better than osmotic 
priming (Taylor et al. 1988; Harman and Taylor 1988). One thing that must be con-
sidered in practicing solid matrix priming is that it has properties like high water 
holding capacity, low osmotic potential (Khan et al. 1990), and low bilk density. In 
mung bean, soil matrix priming such as using celite matrix (10%) with various elici-
tors including ABA, kinetin, GA3, chitosan, and naphthalene acetic acid improves 
tolerance against salt stress by increasing root and shoot tolerance index and main-
taining relative water contents (Sen and Mandal 2018).

Another study reported that solid matrix priming with O2 gave highest germi-
nation and lowest electrical conductivity and improved activities of enzymes 
(e.g., CAT) as observed in leek (Allium ampeloprasum L.; Ozden et al. 2018). 
Different substances such as volcanic cinder, ground charcoal, and sawdust used 
for priming in soybean had favorable impact under different incubation periods 
(Lorenzo 1991). However, longer incubation may have negative consequences 
because excessive moisture may lead to fungal development (Lorenzo 1991; 
Mercado and Fernandez 2002). The positive effect of solid matric priming has 
also been observed under thermal stress on germination of celery (Parera et al. 
1993). In wheat, using press mud as solid matrix priming helps in significant 
increase in root and shoot length and enhances germination index resulting in 
better performance (Abbas et al. 2018).

2.8  Seed Coating and Pelleting

Seed coating is used to facilitate sowing, delivery of nutrients, PGRs, microbes, soil 
adjuvants, germination enhancers, and seed color (Pedrini et al. 2017), while seed 
pelleting is usually practiced for small grain crops to facilitate the seed handing dur-
ing sowing. Seed coating with nutrients has been found effective (e.g., Zn) alone or 
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in combination with PGPR (Pseudomonas sp.) and has been found effective in 
improving the water relations, chlorophyll, photosynthesis, grain yield, and Zn bio-
fortification in wheat (Rehman and Farooq 2016; Rehman et  al. 2018a, b) and 
chickpea (Ullah et al. 2018).

Hydro-absorber-coated seeds of wheat, rye, and barley exhibited >75% increase 
in seedling growth than uncoated seeds. They further reported that seeds of these 
cereals have high metabolic efficiencies resulting in more biomass production as the 
coated seeds might have hypoxic embryo which helps in efficient glucose utilization 
and reduced losses during respiration (Gorim and Asch 2015). In a recent study, 
Gorim and Asch (2017) tested two hydro-absorbers (Stockosorb and Geohumus) for 
seed coating of sorghum for their potential to improve sorghum tolerance to early 
season drought. They found that hydro-absorber coating improved the performance 
on sorghum under drought stress condition by improving early seedling growth, leaf 
development, and biomass production than uncoated seeds. Stockosorb was most 
effective coating in this regard.

Coated seeds exhibited improved crop performance under diverse climatic 
conditions. Chitosan seed coating improved the germination and induced resis-
tance against salt stress in hybrid rice (Ruan and Xue 2002). Seed pelleting using 
poly (2-acrylamide-2-methyl propane sulfonic acid) (PAMPS) hydrogel along 
with SA improved the germination of tobacco under drought stress (Guan et al. 
2014). In soybean, temperature-activated polymer coating improves the crop 
stand in no tilled soil under low soil temperature (Gesch et al. 2012). Zhang et al. 
(2007) documented that rice seed coating with high-effective thiazole (HET) 
(20  mg  L−1), YKJ (2000  mg  L−1), YKJ+ sodium nitro complex (SNC) 
(1000  mg  L−1), and ABA (10  mg  L−l) improved the resistance against chilling 
stress in rice by improving the root vigor, activities of antioxidant (CAT, SOD, 
and POD), photosynthetic pigment, soluble sugar, and proline accumulation with 
lower plant injury, electrolyte leakage, and MDA level than plants raised from 
uncoated seeds. Moreover, YKJ+ SNC seed coating was most effective in amelio-
rating the adverse effect of chilling stress in rice seedlings.

3  Summary

In the climate change scenario, the incidence of plant abiotic stresses is increas-
ing. The possible solution to combat seed stress is development of stress-tolerant 
crop cultivars. However, it is a time-consuming strategy. Pre-sowing seed treat-
ment with different salts, organic compounds, growth regulators, and PGPR help 
in improving the crop performance under suboptimal conditions. Seed priming 
induces stress tolerance by modulating gene expression, osmolyte production, 
and antioxidant activities due to the build-up of stress-related memory during 
seed priming which reciprocates on exposure to stress.
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Abstract Seed priming and seedling pretreatments improve the stand establish-
ment seedling growth by improving nutrient accumulation in roots/shoots, and the 
activity of antioxidant enzymes thus enhance tolerance against multiple abiotic 
stresses including drought, extreme temperature, salinity, toxic metal/metalloid(s), 
waterlogging, etc., which are threatening the productivity of agronomic and horti-
cultural crops across the globe. The phytohormones involved in complex mecha-
nisms including plant metabolic activities and signaling pathways, thus reducing 
generation of free radical and activation of defense mechanism against abiotic 
stresses. Many studies have reported that seed priming with plant hormones (espe-
cially gibberellic acid, cytokinins, abscisic acid, brassinosteroids, jasmonic acid, 
polyamines, salicylic acid) at low concentration might be useful to improve the crop 
establishment, leaf/shoot/root growth, and productivity of diverse crop biotypes 
under abiotic stresses. However, the role of seed priming with plant hormones in 
improving the crop performance under heat stress and waterlogging stress has rarely 
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been investigated, which needs the further attention of crop scientists. In this chap-
ter, we have reviewed and accumulated the recent advances in plant science regard-
ing seed priming and pretreatment with phytohormones to enhance crop tolerance 
against multiple abiotic stresses.

Keywords Abiotic stress · Salinity · Drought · Salicylic acid · Jasmonic acid · 
Abscisic acid

1  Introduction

The crop plants face a diverse array of biotic and abiotic stresses during their entire 
growth cycle. Among the major abiotic stresses, the salt stress, water stress, heat stress, 
heavy metals stress, waterlogging stress, and chilling stress are major stresses which 
cause reduction in the productivity of field and horticultural crops across the globe 
(Schutzendubel and Polle 2002; Zhu 2016; Shrivastava and Kumar 2015; Lamaoui 
et al. 2018). To cope with these abiotic stresses, most of the crop species have evolved 
complex mechanisms including subsequent variation in plant metabolic activities and 
signaling of plant hormone activation pathway (such as salicylic acid, jasmonate, 
abscisic acid, ethylene) (Farooq et  al. 2009a; Hasanuzzaman et  al. 2012, 2013; 
Lamaoui et al. 2018). The plants also produce various volatile organic compounds in 
response to abiotic stresses, which play key role in central defense system in the plant 
body (Suzuki et al. 2012). The released quantity of volatile compound depends upon 
the stress condition, duration of stress, and stress severity (Niinemets 2009).

In this scenario, seed priming might be an effective technique to increase the 
germination rate, seedling vigor, and yield under abiotic stresses through regulation 
of various growth cascades (Ashraf and Foolad 2005; Afzal et al. 2006; Farooq et al. 
2008; Paparella et al. 2015). In this chapter, we have summarized the role of seed 
priming and seed pretreatments with plant hormones (e.g., auxin, strigolactone, eth-
ylene, gibberellic acid, cytokinins, abscisic acid, brassinosteroids, jasmonic acid, 
polyamines, salicylic acid) in improving tolerance against drought stress, heat 
stress, low temperature stress, salinity stress, heavy metal stress, and waterlogging 
stress (Table 1) in agronomic and horticultural crops.

Table 1 Improvement in the performance of crops due to seed priming with plant hormones under 
abiotic stresses

Environmental 
constraints Plant species Priming agent References

Salinity Triticum aestivum ABA + SA Afzal et al. (2006)
Drought stress Oryza sativa Polyamines Farooq et al. (2009b)
Drought stress Oryza sativa Salicylic acid Li and Zhang (2012)
Low temperature stress Oryza sativa Salicylic acid Pouramir-Dashtmian et al. 

(2014)
Low temperature stress Nicotiana 

tabacum
Putrescine Xu et al. (2011)

Heavy metal stress Poa pratensis Gibberellins de Lespinay et al. (2010)
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2  Drought Stress

Drought stress negatively affects the plant growth, phenology, photosynthesis, 
nutrient and water relations, and respiration and assimilates partitioning in field 
crops (Yordanov et al. 2000). However, various studies showed that the seed prim-
ing with different plant hormones is effective for improving the drought tolerance in 
crop plants (Kubiś 2008; Farooq et al. 2009b; Davies 2010). In a study, seed priming 
with spermidine (0.5 mmol L−1) in direct seeded rice improved the rice performance 
under drought stress in controlled and field conditions. The field emergence,  shoot/
root length, and root/shoot fresh weight were improved by 21%, 67%, 78%, 173%, 
and 232%, respectively, by seed priming with spermidine under drought stress 
(Zheng et al. 2016). Farooq et al. (2009b) also found that seed priming with three 
polyamines (spermidine, putrescine, and spermine) enhances tolerance against 
drought in fine grain rice. They found that seed priming with either polyamine (at 
10 μM) was very beneficial for improvement in water use efficiency, net photosyn-
thesis, water relations, accumulation of phenolics/proline, and membrane stability. 
Pretreatment of cucumber seedlings with spermidine cucumber (Cucumis sativus 
L.) improved the activity of guaiacol peroxidase and reduced the hydrogen peroxide 
and superoxide radical production under drought stress (Kubiś 2008). In a study, 
seed priming with salicylic acid improved the root length, photosynthetic pigments, 
stay green, water use efficiency, activities of peroxidase and superoxide dismutase, 
and accumulation of proline in drought-stressed rice (Li and Zhang 2012). In 
another study, application of salicylic acid (50–150 mg L−1) under drought stress 
improved the tissue water potential, accumulation of compatible solutes, cell mem-
brane stability, photosynthesis, and antioxidant system in rice (Farooq et al. 2009c). 
In a study, rice seed priming with two brassinolides, viz., 24-epibrassinolide and 
28-homobrassinolide (each 0.01 μM), improved the water use efficiency, net assimi-
lation of carbon dioxide, water relations, and accumulation of phenolics, proline, 
and anthocyanins under drought stress (Farooq et  al. 2009d). In another study, 
Ansari et al. (2013) also reported an improvement in the seed germination and enzy-
matic activities due to pretreatment of rye seeds under drought stress conditions. In 
wheat, ascorbate seed priming (2 mm) enhanced the emergence of seedlings and 
improved the early growth, leaf development, stay green, and root growth under 
drought stress (Farooq et al. 2013).

3  Heat Stress

Heat stress is among the major abiotic stresses that affects the productivity of agri-
cultural crops across the globe (Bray et al. 2000; Farooq et al. 2011; Nawaz et al. 
2013; Zhao et al. 2017). In plants, heat stress damages can be mitigated through 
different types of scavenging mechanisms such as enzymatic (peroxidases and cata-
lases) and non-enzymatic antioxidants and exogenous application of plant hormones 
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(Farooq et al. 2011; Ahmad et al. 2015). In a study, seed pretreatment with potassium 
nitrate and hydropriming improved the performance of Gossypium hirsutum under 
heat stress (Ashraf and Foolad 2005). Seed priming with plant hormones for improv-
ing heat stress tolerance in the agricultural crops has not been widely reported.

4  Low Temperature Stress

Low temperature stress (chilling or freezing stress) occurs at various phases of the 
crop growth, thus affecting the plant growth by disturbing the plant metabolic activ-
ities and losses in economic yield (Kang and Saltveit 2002; Cruz and Milach 2004; 
Cheng et al. 2007; Oliver et al. 2007; Ruelland et al. 2009; Kosova et al. 2013; Han 
et al. 2013).

In recent past, several studies have showed that seed priming with plant hor-
mones has a positive effect on the performance of different crops under abiotic 
stresses. In a study, seed priming with methyl jasmonate (1–10 μM) or acetyl sali-
cylic acid (0.05–1 mM) improved the germination percentage and the uniformity 
and progressive growth of sweet pepper under low temperature stress (Korkmaz 
2005). Soaking of musk melon weeds in acetyl salicylic acid solution (0.1–1.0 mM) 
improved the dry weight of roots and leaf number under drought stress (Korkmaz 
et al. 2007). In another study, seed priming with potassium nitrate solution in com-
bination with methyl jasmonic acid (1 or 3 μM) or spermine (1–5 mM) increased the 
germination percentage and uniformity of seedling emergence in water melon under 
low temperature stress (Korkmaz et al. 2004). In a study, maize seeds were primed 
with salicylic acid (20–40 mg L−1) at low temperature stress. Seed priming improved 
the seedling growth by improving the stay green, nutrient accumulation in roots/
shoots, and the activity of superoxide dismutase (Ahmad et al. 2015). In Brassica 
napus, gibberellic acid (100  μmol  L−1) seed priming improved the germination 
under low temperature stress (Yong-Ping et al. 2002).

In recent past, Farooq et al. (2008) conducted an experiment to evaluate the role 
of seed priming with salicylic acid in improving chilling tolerance in maize. Seeds 
of maize hybrid, viz., Hycorn 8288, were primed with aerated solution of salicylic 
acid (at 50, 100, and 150 mg L−1). The results indicated that seed priming with sali-
cylic acid at either rate increased the seedling emergence, seedling growth, root and 
leaf number, water relations, membrane stability, and activities of enzymatic anti-
oxidants. In tobacco, seed priming using the putrescine was beneficial for improv-
ing the chilling tolerance through an improvement in seed germination, activities of 
antioxidants, and the seedling growth (Xu et  al. 2011). In maize, Ahmad et  al. 
(2012) found that seed priming with ascorbic acid or salicylic acid (eat at 20 and 
40 mg L−1) improved the speed and uniformity of emergence, root/shoot fresh and 
dry weights, and activities of antioxidants under low temperature stress. In another 
study on maize, seed priming with salicylic acid (at 20, 40, and 50 ppm) decreased 
mean emergence time, time to 50% emergence, and enhanced shoot length, root 
length, and relative water contents under low temperature stress (Singh and 
Pandurangam 2015). In rice, priming of seeds with salicylic acid improved the car-
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bohydrate metabolism and activities of antioxidants and lowered the membrane 
damage under chilling stress (Hussain et al. 2016a).

5  Salinity Stress

Worldwide, soil salinity is one of the major problem of dryland agriculture, and it 
has became a significant hindrance for harvesting the better crop yield. The improper 
management of farming and irrigation practices is the main cause of salinity across 
the globe (Munns and Tester 2008; Abraha and Yohannes 2013). Salt stress affects 
the seed germination and subsequent growth through decreasing the osmotic poten-
tial and avoiding the uptake of water as well as by the toxic impact of Na+ and Cl− 
ions on plant metabolic cascades (Shannon 1997; Shafi et  al. 2009; Dkhil et  al. 
2014).

In this scenario, seed priming with plant hormones may improve the crop perfor-
mance under salinity (Al-Hakimi and Hamada 2001; Carvalho et al. 2011; Ibrahim 
2016). For example, seed priming with gibberellic acid (100 μmol L−1) improved 
the germination under low salinity stress (Yong-Ping et al. 2002). In another study, 
seed priming with an ethylene releaser (i.e., chloroethylphosphonic acid) was ben-
eficial for improvement in seedling biomass of maize under salinity stress (Carvalho 
et al. 2011). Parashar and Varma (1988) also reported an improvement in seed ger-
mination, plant height, and dry weight of wheat plants owing to seed priming with 
gibberellic acid at the rate of 50 mg L−1. In similar studies on wheat, damaging 
effect of soil salinity on seed germination was mitigated by priming seeds with 
indole acetic acid or gibberellic acid (Balki and Padole 1982; Gulnaz et al. 1999). In 
wheat, soaking seed in sodium salicylate improved the crop growth by suppressing 
the salt-stress-induced proline accumulation (Al-Hakimi and Hamada 2001). In 
faba bean, seed priming with salicylic acid improved the activities of catalase, 
ascorbate peroxidase, glutathione reductase, and peroxidase under saline stress 
(Azooz 2009). In hot pepper, seed priming with salicylic acid and acetyl cyclic acid 
improved the germination percentage, time to complete 50% emergence, root/shoot 
length, and seedling dry weight under salt stress (Khan et al. 2009). In wheat, seed 
priming with salicylic acid (50 ppm) or ascorbic acid (50 ppm) improved the final 
germination percentage, shoot fresh/dry weight, and shoot length and decreased the 
germination time (Afzal et al. 2006).

In tomato, seed priming with three polyamines (spermine, putrescine, and sper-
midine each at 50 mg L−1) improved the stand establishment, seedling vigor, and the 
activities of antioxidants under salt stress (Afzal et al. 2009). In another study on 
tomato, seed priming with salicylic acid and ascorbic acid (each at 50, 100, and 
150  mg  L−1) improved the germination and seedling growth under saline stress 
(Ghoohestani et al. 2012). In two Hedysarum species, seed priming with salicylic 
acid improved the salinity tolerance by decreasing the lipid peroxidation (Dallali 
et al. 2012). In lucerne, seed priming with brassinolide (5 μM L−1) improved seed 
germination, seedling vigor, root and shoot dry weight, the activities of enzymatic 
antioxidants and reduced lipid peroxidation under salt stress (Zhang et al. 2007).
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Seed priming with gibberellic acid in okra (Vijayaraghavan 1999), tomato (Kang 
et  al. 1996), sweet fennel, lettuce (Sedghi et  al. 2010; Hela et  al. 2012), and 
Medicago sativa (Younesi and Moradi 2014), with kinetin in pigeon pea (Jyotsna 
and Srivastava 1998), with 28-homobrassinolide in mung bean (Fariduddin et al. 
2003), and with ascorbic acid in broad bean (Azooz et al. 2013) improved the ger-
mination of seeds and growth of seedlings of the respective crop species under 
salinity stress.

6  Heavy Metal Stress

The heavy metals such as lead, cadmium, mercury, copper, and chromium are 
regarded as major environmental pollutants in this industrial era. The accumulation 
of the heavy metals in the cropped land is of great concern as it may have an adverse 
effect on crop growth, soil, and environmental health and the safety and the market-
ability of foods (Nagajyoti et al. 2010). The influence of plants and their metabolic 
activities affects the geological and biological redistribution of heavy metals through 
pollution of the air, water, and soil. When plants are grown in the heavy metal-
contaminated soils, the plant faces metabolic variations, growth reduction, disturbed 
water relations, and accumulation of heavy metals in edible plant parts (Barceló and 
Poschenrieder 1990; Nagajyoti et al. 2010).

However, studies have reported that seed priming with plant hormones may 
improve the crop performance under heavy metal stress with substantial reduction 
in uptake of these metals in plant parts. For example, the seeds of pigeon pea were 
primed with auxin, gibberellic acid, cytokinins, ethylene, and abscisic acid (each at 
10 or 100 μM) under cadmium stress. Seed priming with either plant hormone at 
both concentrations improved the germination speed index, average germination 
time, final germination percentage, and time to 50% germination (Sneideris et al. 
2015). In another study, seed priming with gibberellic acid (0.1 mM) improved the 
antioxidant system and light phase of photosynthesis in Trifolium repens L. in a 
heavy metal-contaminated soil (Galhaut et  al. 2014). In safflower, seed priming 
with salicylic acid improved the germination rate, seedling dry weight, and specific 
leaf weight under calcium chloride stress (Jam et al. 2012).

7  Waterlogging Stress

Waterlogging stress causes hypoxia, subsequently promotes the leaf senescence and 
root death, and disturbs carbohydrate metabolism, stay green, and nutrient uptake, 
eventually reducing the productivity and profitability of agronomic crops (Tan et al. 
2008; Watkins et al. 2014; Herzog et al. 2016). In a study, seed priming with salicylic 
acid under submerged conditions improved the germination and seedling growth and 
induced many genes which are involved in carbon metabolism, nitrogen metabo-
lism, transcription, and oxidative stress responses (Hussain et al. 2016b). To the best 
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of our knowledge, no other study is available on the role of seed priming with plant 
hormones in improving submergence tolerance in agronomic and horticultural crops. 
In an alternate study on direct seeded flooded rice, hydropriming and seed priming 
with 2% leaf extract of jamun in two rice lines (Swarna and Swarna- Sub1) improved 
the seedling establishment, accumulation of plant biomass, activities of alcohol 
dehydrogenase and total amylase, the yield parameters and seed yield. Grain yield 
was enhanced by 5.1%–16.8% in Swarna and 44.2%–55.3% in Swarna-Sub1 when 
seeds were sown after priming than non-primed seeds under waterlogging stress 
(Sarkar 2012). In another study on rice, the seeds were primed with potassium chlo-
ride solution or water. Seed priming improved the seedling emergence, activities of 
catalase and superoxide dismutase, amylase, while decreased the lipid peroxidation 
under direct seeded flooded conditions (Ella et al. 2011).

8  Conclusion

Abiotic stresses including drought, heat, low temperature, salinity, heavy metal, and 
waterlogging are threatening the productivity of agronomic and horticultural crops 
across the globe. Many studies have reported that seed priming with plant hormones 
(especially gibberellic acid, cytokinins, abscisic acid, brassinosteroids, jasmonic 
acid, polyamines, salicylic acid) at low concentration might be useful to improve the 
stand establishment, leaf/shoot/root growth, and productivity of diverse crop bio-
types under abiotic stresses. However, the role of seed priming with plant hormones 
in improving the crop performance under heat stress and waterlogging stress has 
rarely been investigated, which needs the attention of crop scientists.

References

Abraha B, Yohannes G (2013) The role of seed priming in improving seedling growth of maize 
(Zea mays L.) under salt stress at field conditions. Agric Sci 4:666–672

Afzal I, Basra SMA, Farooq M, Nawaz A (2006) Alleviation of salinity stress in spring wheat 
by hormonal priming with ABA, salicylic acid and ascorbic acid. Int J Agric Biol 8(1):23–28

Afzal I, Munir F, Ayub CM, Basra SMA, Hameed A, Nawaz A (2009) Changes in antioxidant 
enzymes, germination capacity and vigour of tomato seeds in response of priming with poly-
amines. Seed Sci Technol 37(3):765–770

Ahmad I, Ahmad TKA, Basra SMA, Hasnain Z, Ali A (2012) Effect of seed priming with ascorbic 
acid, salicylic acid and hydrogen peroxide on emergence, vigor and antioxidant activities of 
maize. Afr J Biotechnol 11(5):1127–1137

Ahmad I, Basra SMA, Hussain S, Hussain SA, Hafeez-ur-rehman RA, Ali A (2015) Priming with 
ascorbic acid, salicylic acid and hydrogen peroxide improves seedling growth of spring maize 
at suboptimal temperature. J Environ Agric Sci 3:14–22

Al-Hakimi AMA, Hamada AM (2001) Counteraction of salinity stress on wheat plants by grain 
soaking in ascorbic acid, thiamin or sodium salicylate. Biol Plant 44:253–261

Ansari O, Azadi MS, Sharif-zadeh F, Younesi E (2013) Effect of hormone priming on germination 
characteristics and enzyme activity of mountain rye (Secalemontanum) seeds under drought 
stress conditions. J Stress Physiol Biochem 9:61–71

Abiotic Stress Tolerance in Plants by Priming and Pretreatments with Phytohormones



454

Ashraf M, Foolad RM (2005) Pre-sowing seed treatment - a shotgun approach to improve ger-
mination, plant growth and crop yield under saline and non-saline conditions. Adv Agron 
88:223–271

Azooz MM (2009) Salt stress mitigation by seed priming with salicylic acid in two faba bean 
genotypes differing in salt tolerance. Int J Agric Biol 11:343–350

Azooz MM, Alzahrani AM, Youssef MM (2013) The potential role of seed priming with ascorbic 
acid and nicotinamide and their interactions to enhance salt tolerance in broad bean (Viciafaba 
L.). Aust J Crop Sci 7(13):2091

Balki AS, Padole VR (1982) Effect of pre-soaking seed treatments with plant hormones on wheat 
under conditions of soil salinity. J Indian Soc Soil Sci 30:361–365

Barceló JUAN, Poschenrieder C (1990) Plant water relations as affected by heavy metal stress: a 
review. J Plant Nutr 13(1):1–37

Bray EA, Bailey-Serres J, Weretilnyk E (2000) Responses to abiotic stresses. In: Gruissem W, 
Buchannan B, Jones R (eds) Biochemistry and molecular biology of plants. American Society 
of Plant Physiologists, Rockville, MD, pp 1158–1249

Carvalho RF, Piotto FA, Schmidt D, Peters LP, Monteiro CC, Azevedo RA (2011) Seed priming 
with hormones does not alleviate induced oxidative stress in maize seedlings subjected to salt 
stress. Sci Agric 68(5):598–602

Cheng C, Yun KY, Ressom HW, Mohanty B, Bajic VB, Jia Y et al (2007) An early response regula-
tory cluster induced by low temperature and hydrogen peroxide in seedlings of chilling-tolerant 
japonica rice. BMC Genomics 8:175

Cruz R, Milach S (2004) Cold tolerance at the germination stage of rice: methods of evaluation and 
characterization of genotypes. Sci Agric 61:1–8

Dallali H, Maalej EM, Boughanmi NG, Haouala R (2012) Salicylic acid priming in hedysarum 
carnosum and hedysarum coronarium reinforces NACL tolerance at germination and the seed-
ling growth stage. Aust J Crop Sci 6(3):407

Davies PJ (2010) The plant hormones: their nature, occurrence, and functions. In: Plant hormones. 
Springer, Dordrecht, pp 1–15

de Lespinay A, Lequeux H, Lambillotte B, Lutts S (2010) Protein synthesis is differentially 
required for germination in Poa pratensis and Trifolium repens in the absence or in the pres-
ence of cadmium. Plant Growth Regul 61:205–214

Dkhil BB, Issa A, Denden M (2014) Germination and seedling emergence of primed okra 
(Abelmoschus esculentus L.) seeds under salt stress and low temperature. Am J Plant Physiol 
9:38–45

Ella ES, Dionisio-Sese ML, Ismail AM (2011) Seed pre-treatment in rice reduces damage, 
enhances carbohydrate mobilization and improves emergence and seedling establishment 
under flooded conditions. AoB Plants, 2011

Fariduddin Q, Ahmad A, Hayat S (2003) Photosynthetic Response of Vigna radiata to pre-sowing 
seed treatment with 28-homobrassinolide. Photosynthetica 41:307–310

Farooq M, Aziz T, Basra SMA, Cheema MA, Rehman H (2008) Chilling tolerance in hybrid maize 
induced by seed priming with salicylic acid. J Agron Crop Sci 194(2):161–168

Farooq M, Wahid A, Kobayashi N, Fujita D, Basra SMA (2009a) Plant drought stress: effects, 
mechanisms and management. Agron Sustain Dev 29:185–212

Farooq M, Wahid A, Lee DJ (2009b) Exogenously applied polyamines increase drought toler-
ance of rice by improving leaf water status, photosynthesis and membrane properties. Acta 
Physiologia Plantarum 31:937–945

Farooq M, Basra SMA, Wahid A, Ahmad N, Saleem BA (2009c) Improving the drought toler-
ance in rice (Oryza sativa L.) by exogenous application of salicylic acid. J Agron Crop Sci 
195(4):237–246

Farooq M, Wahid A, Basra SMA (2009d) Improving water relations and gas exchange with brassi-
nosteroids in rice under drought stress. J Agron Crop Sci 195(4):262–269

Farooq M, Bramley H, Palta JA, Siddique KH (2011) Heat stress in wheat during reproductive and 
grain-filling phases. Crit Rev Plant Sci 30(6):491–507

M. Sarfraz et al.



455

Farooq M, Irfan M, Aziz T, Ahmad I, Cheema SA (2013) Seed priming with ascorbic acid improves 
drought resistance of wheat. J Agron Crop Sci 199(1):12–22

Galhaut L, de Lespinay A, Walker DJ, Bernal MP, Correal E, Lutts S (2014) Seed priming of 
Trifolium repens L. improved germination and early seedling growth on heavy metal- 
contaminated soil. Water Air Soil Pollution 225(4):1905

Ghoohestani A, Gheisary H, Zahedi SM, Dolatkhahi A (2012) Effect of seed priming of tomato 
with salicylic acid, ascorbic acid and hydrogen peroxide on germination and plantlet growth in 
saline conditions. Int J Agron Plant Prod 3:700–704

Gulnaz A, Iqbal J, Azam F (1999) Seed treatment with growth regulators and crop productivity. 
II. Response of critical growth stages of wheat (Triticum aestivum L.) under salinity stress. 
Cereal Res Commun 27:419–426

Han Q, Kang G, Guo T (2013) Proteomic analysis of spring freeze-stress responsive proteins in 
leaves of bread wheat (Triticum aestivum L.). Plant Physiol Biochem 63:236–244

Hasanuzzaman M, Hossain MA, da Silva JAT, Fujita M (2012) Plant response and tolerance to 
abiotic oxidative stress: antioxidant defense is a key factor. In: Crop stress and its management: 
perspectives and strategies. Springer, Dordrecht, pp 261–315

Hasanuzzaman M, Nahar K, Alam M, Roychowdhury R, Fujita M (2013) Physiological, biochemi-
cal, and molecular mechanisms of heat stress tolerance in plants. Int J Mol Sci 14(5):9643–9684

Hela M, Zargouni H, Tarchoune I, Baatour O, Nasri N, Ben Massoud R et al (2012) Combined 
effect of hormonal priming and salt treatments on germination percentage and antioxidant 
activities in lettuce seedlings. Afr J Biotechnol 11:10373–10380

Herzog M, Striker GG, Colmer TD, Pedersen O (2016) Mechanisms of waterlogging tolerance in 
wheat - A review of root and shoot physiology. Plant Cell Environ 39:1068–1086

Hussain S, Khan F, Hussain HA, Nie L (2016a) Physiological and biochemical mechanisms of 
seed priming-induced chilling tolerance in rice cultivars. Front Plant Sci 7:116

Hussain S, Yin H, Peng S, Faheem A, Khan FA, Khan F, Sameeullah M, Hussain HA, Huang J, 
Kehui Cui K, Nie L (2016b) Comparative transcriptional prowling of primed and non-primed 
rice seedlings under submergence stress. Front Plant Sci 7:1125

Ibrahim EA (2016) Seed priming to alleviate salinity stress in germinating seeds. J Plant Physiol 
192:38–46

Jam BJ, Shekari FARID, Azimi MR, Zangani ESMAEIL (2012) Effect of priming by salicylic 
acid on germination and seedling growth of safflower seeds under CaCl2 stress. Int J Agri Res 
Rev 2:1097–1105

Jyotsna V, Srivastava AK (1998) Physiological basis of salt stress resistance in pigeon pea (Cajanus 
cajan L.) - II. Pre-sowing seed soaking treatment in regulating early seedling metabolism dur-
ing seed germination. Plant Physiol Biochem (New Delhi) 25:89–94

Kang HM, Saltveit ME (2002) Chilling tolerance of maize, cucumber and rice seedling leaves and 
roots are differentially affected by salicylic acid. Physiol Plant 115:571–576

Kang J-S, J-L C, Y-O J (1996) Effect of seed priming on the germinability of tomato (Lycopersicon 
esculentum Mill.) seeds under water and saline stress. J Korean Soc Hort Sci 37:516–521

Khan HA, Pervez MA, Ayub CM, Ziaf K, Balal RM, Shahid MA, Akhtar N (2009) Hormonal 
priming alleviates salt stress in hot pepper (Capsicum annuum L.). Soil Environ 28(2):130–135

Korkmaz A (2005) Inclusion of acetyl salicylic acid and methyl jasmonate into the priming 
solution improves low-temperature germination and emergence of sweet pepper. Hort Sci 
40(1):197–200

Korkmaz A, Tiryaki I, Nas MN, Ozbay N (2004) Inclusion of plant growth regulators into prim-
ing solution improves low-temperature germination and emergence of watermelon seeds. Can 
J Plant Sci 84(4):1161–1165

Korkmaz A, Uzunlu M, Demirkiran AR (2007) Treatment with acetyl salicylic acid protects musk-
melon seedlings against drought stress. Acta Physiol Plant 29(6):503–508

Kosova K, Vitamvas P, Planchon S, Renaut J, Vankova R, Prasil IT (2013) Proteome analysis of 
cold response in spring and winter wheat (Triticum aestivum) crowns reveals similarities in 

Abiotic Stress Tolerance in Plants by Priming and Pretreatments with Phytohormones



456

stress adaptation and differences in regulatory processes between the growth habits. J Proteome 
Res 12:4830–4845

Kubiś J (2008) Exogenous spermidine differentially alters activities of some scavenging system 
enzymes, H2O2 and superoxide radical levels in water-stressed cucumber leaves. J  Plant 
Physiol 165(4):397–406

Lamaoui M, Jemo M, Datla R, Bekkaoui F (2018) Heat and drought stresses in crops and 
approaches for their mitigation. Front Chem 6:26

Li X, Zhang L (2012) SA and PEG-induced priming for water stress tolerance in rice seedling. In: 
Zhu E, Sambath S (eds) Information technology and agricultural engineering. Springer, Berlin, 
Heidelberg. 134: 881–887

Munns R, Tester M (2008) Mechanisms of salinity tolerance. Annu Rev Plant Biol 59:651–681
Nagajyoti PC, Lee KD, Sreekanth TVM (2010) Heavy metals, occurrence and toxicity for plants: 

a review. Environ Chem Lett 8(3):199–216
Nawaz A, Farooq M, Cheema SA, Wahid A (2013) Differential response of wheat cultivars to 

terminal heat stress. Int J Agric Biol 15:1354–1358
Niinemets U (2009) Mild versus severe stress and BVOCs: thresholds, priming and consequences. 

Trends Plant Sci 15:145–153
Oliver SN, Dennis ES, Dolferus R (2007) ABA regulates apoplastic sugar transport and is a poten-

tial signal for cold-induced pollen sterility in rice. Plant Cell Physiol 48:1319–1330
Paparella S, Araújo SS, Rossi G, Wijayasinghe M, Carbonera D, Balestrazzi A (2015) Seed prim-

ing: state of the art and new perspectives. Plant Cell Rep 34:1281–1293
Parashar A, Varma SK (1988) Effect of presowing seed soaking in gibberellic acid, duration of 

soaking, di Verent temperatures and their interaction on seed germination and early seedling 
growth of wheat under saline conditions. Plant Physiol Biochem (New Delhi) 15:189–197

Pouramir-Dashtmian F, Khajel-Hosseini M, Esfahani M (2014) Improving chilling tolerance of 
rice seedling by seed priming with salicylic acid. Arch Agron Soil Sci 60:1291–1302

Ruelland E, Vaultier MN, Zachowski A, Hurry V (2009) Cold signalling and cold acclimation in 
plants. Adv Bot Res 49:35–150

Sarkar RK (2012) Seed priming improves agronomic trait performance under flooding and non- 
flooding conditions in rice with QTL SUB1. Rice Sci 19(4):286–294

Schutzendubel A, Polle A (2002) Plant responses to abiotic stresses: heavy metal-induced oxida-
tive stress and protection by mycorrhization. J Exp Bot 53(372):1351–1365

Sedghi M, Nemati A, Esmaielpour B (2010) Effect of seed priming on germination and seedling 
growth of two medicinal plants under salinity. Emir J Food Agr 22:130–139

Shafi M, Bakht J, Hassan MJ, Raziuddin M, Zhang G (2009) Effect of cadmium and salinity 
stresses on growth and antioxidant enzyme activities of wheat (Triticum aestivum L.). Bull 
Environ Contam Toxicol 82:772–776

Shannon MC (1997) Adaptation of plants to salinity. Adv Agron 60:75–120
Shrivastava P, Kumar R (2015) Soil salinity: a serious environmental issue and plant growth pro-

moting bacteria as one of the tools for its alleviation. Saudi J Biol Sci 22(2):123–131
Singh P, Pandurangam V (2015) Evaluation of maize (Zea mays L.) inbred lines primed with sali-

cylic acid under low temperature stress. Int J Agric Environ Biotechnol 8(4):867
Sneideris LC, Gavassi MA, Campos ML, D’Amico-Damiao V, Carvalho RF (2015) Effects of 

hormonal priming on seed germination of pigeon pea under cadmium stress. An Acad Bras 
Cienc 87(3):1847–1852

Suzuki N, Koussevitzky SHAI, Mittler RON, Miller GAD (2012) ROS and redox signalling in the 
response of plants to abiotic stress. Plant Cell Environ 35(2):259–270

Tan W, Liu J, Dai T, Jing Q, Cao W, Jiang D (2008) Alterations in photosynthesis and antioxidant 
enzyme activity in winter wheat subjected to post-anthesis water-logging. Photosynthetica 
46:21–27

Vijayaraghavan H (1999) Effect of seed treatment with plant growth regulators on bhendi 
(Abelmoschus esculentus L.) grown under sodic soil conditions. Madras Agric J 86:247–249

M. Sarfraz et al.



457

Watkins JM, Hechler PJ, Muday GK (2014) Ethylene-induced flavonol accumulation in guard 
cells suppresses reactive oxygen species and moderates stomatal aperture. Plant Physiol 
164:1707–1717

Xu S, Hu J, Li Y, Ma W, Zheng Y, Zhu S (2011) Chilling tolerance in Nicotiana tabacum induced 
by seed priming with putrescine. Plant Growth Regul 63:279–290

Yong-Ping G, Bonham-Smith PC, Gusta LV (2002) The role of peroxiredoxin antioxidant and 
calmodulin in ABA-primed seeds of Brassica napus exposed to abiotic stresses during germi-
nation. J Plant Physiol 159(9):951

Yordanov I, Velikova V, Tsonev T (2000) Plant responses to drought, acclimation, and stress toler-
ance. Photosynthetica 38:171–186

Younesi O, Moradi A (2014) Effect of priming of seeds of Medicago sativa ‘bami’ with gibberellic 
acid on germination, seedlings growth and antioxidant enzymes activity under salinity stress. 
J Hort Res 22(2):167–174

Zhang S, Hu J, Zhang Y, Xie XJ, Knapp A (2007) Seed priming with brassinolide improves lucerne 
(Medicago sativa L.) seed germination and seedling growth in relation to physiological changes 
under salinity stress. Aust J Agric Res 58(8):811–815

Zhao C, Liu B, Piao S, Wang X, Lobell DB, Huang Y, Huang M, Yao Y, Bassu S, Ciais P, Durand 
JL (2017) Temperature increase reduces global yields of major crops in four independent 507 
estimates. Proc Nat Acad Sci USA 114:9326–9331

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

Zhu JK (2016) Abiotic stress signaling and responses in plants. Cell 167(2):313–324

Abiotic Stress Tolerance in Plants by Priming and Pretreatments with Phytohormones



459© Springer Nature Singapore Pte Ltd. 2019 
M. Hasanuzzaman, V. Fotopoulos (eds.), Priming and Pretreatment of Seeds 
and Seedlings, https://doi.org/10.1007/978-981-13-8625-1_23

Abiotic Stress Tolerance in Plants 
by Priming and Pretreatments 
with Ascorbic Acid

Sajid Ali, Aamir Nawaz, Sajjad Hussain, Samiya Mahmood Khan, 
Shaghef Ejaz, and Shakeel Ahmad

Contents

1   Introduction  461
2   Biosynthesis and Regulation of Ascorbic Acid  462
3    Ascorbic Acid-Mediated Functions in Growth and Development  

During Abiotic Stress  463
4   Ascorbic Acid Signaling Under Abiotic Stress  465
5   Mechanism of Ascorbic Acid-Induced Stress Tolerance  466
6   Ascorbic Acid–Glutathione Cycle and Abiotic Stress  467
7   Hydrogen Peroxide Scavenging and Ascorbic Acid Recycling During Abiotic Stress  469
8   Free Radical Scavenging and Ascorbic Acid Under Abiotic Stress  469
9   Interaction of Ascorbic Acid with Other Phytohormones Under Abiotic Stress  470
10  Ascorbic Acid and Drought Stress  471

10.1  Increased Endogenous Ascorbic Acid and Drought Stress  471
10.2  Exogenous Ascorbic Acid Application and Drought Stress  472

11  Ascorbic Acid and Low Temperature Stress  476
12  Ascorbic Acid and High Temperature Stress  477
13  Ascorbic Acid and Salinity Stress  477
14  Ascorbic Acid and Heavy Metal Stress  478
15  Ascorbic Acid and UV Radiation Stress  480
16  Ascorbic Acid and High Light Stress  481
17  Ascorbic Acid and Increased Ozone Stress  483
18  Conclusion  483
 References  484

S. Ali (*) · A. Nawaz · S. Hussain · S. Ejaz 
Department of Horticulture, Bahauddin Zakariya University, Multan, Punjab, Pakistan
e-mail: sajidali@bzu.edu.pk 

S. M. Khan 
Department of Plant Pathology, Bahauddin Zakariya University, Multan, Pakistan 

S. Ahmad (*) 
Department of Agronomy, Bahauddin Zakariya University, Multan, Punjab, Pakistan
e-mail: shakeelahmad@bzu.edu.pk

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8625-1_23&domain=pdf
mailto:sajidali@bzu.edu.pk
mailto:shakeelahmad@bzu.edu.pk


460

Abstract Ascorbic acid (AA) has been found to play several imperative functions 
in the regulation of various responses of plants or tolerance to different abiotic 
stresses. The functions of the exogenous application of AA as a pretreatment or 
priming are well recognized ranging from the germination to accumulation of bio-
mass or yield production under different types of abiotic stress conditions. AA acts 
as a signaling molecule, positively influencing vegetative growth and development. 
It also plays a critical role in oxidative stress amelioration by activating different 
enzymatic and non-enzymatic antioxidants that eventually helps in scavenging of 
various reactive oxygen species (ROS) produced during abiotic stresses. AA appli-
cation ameliorates photosynthesis stress inhibition, impedes chlorophyll loss and 
leaf senescence, and conserves the integrity of cell membranes under abiotic 
stresses. In addition, it helps to maintain the ionic homeostasis and interacts with 
certain other phytohormones and metabolites during stress adaptation and regula-
tion of plant growth under abiotic stresses. The present chapter provides a compre-
hensive overview about the role of AA in various biochemical, physiological, and 
molecular responses of plants in response to its pretreatments and short gun priming 
tool under abiotic stressful conditions. The upcoming research in the near future 
exploring proteomic, transcriptomic, and metabolic profiling would ensure advance 
insights regulating the possible mechanistic role of AA in the improvement of 
growth and amelioration of abiotic stresses of plants.

Keywords Ascorbic acid · Antioxidative system · Abiotic stresses · Photosynthesis 
· Reactive oxygen species · Signaling molecule

Abbreviations

AA Ascorbic acid (ascorbate)
AAO Ascorbic acid oxidase
ABA Abscisic acid
APX Ascorbate peroxidase
CAT Catalase
Cu Copper
Cd Cadmium
DHA Dehydroascorbic acid
DHAR Dehydroascorbate reductase
EPR Electron paramagnetic resonance spectroscopy
Fe Iron
GSH Glutathione
GR Glutathione reductase
GSSG Glutathione disulfide
GPX Glutathione peroxidase
ET Ethylene
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H2O2 Hydrogen peroxide
JA Jasmonic acid
GA Gibberellins
MAPK Mitogen-activated protein kinase
MDHAR Monodehydroascorbate reductase
MDA Malondialdehyde
Mn Manganese
NADPH Nicotinamide adenine dinucleotide phosphate
Ni Nickel
Pb Lead
POD Peroxidase
ROS Reactive oxygen species
SA Salicylic acid
SOD Superoxide dismutase
sAPX Stromal ascorbate peroxidase
tAPX Thylakoid-bounded ascorbate peroxidase
Zn Zinc

1  Introduction

Different unfavorable environmental factors such as drought, heat, high tempera-
ture, cold, hypoxia, and saline stresses lead to a number of detrimental effects and 
cause significant economic losses to various crops around the world (Huang et al. 
2013). All of the said abiotic stresses result in numerous complex responses at cel-
lular level of the plants, leading to the overproduction of a number of unwanted 
ROS including hydroperoxyl, hydrogen peroxide, singlet oxygen, and superoxide 
anion radicals (Wang et al. 2003; Huang et al. 2013).

Excessive ROS production in the cells of plants has a general tendency to react 
with oxidation of protein contents, membrane lipids, and nucleic acids ultimately 
causing cellular damages subsequently leading to limited vegetative growth and 
biomass production of crop plants (Wang et al. 2003; Sharma et al. 2012). So, it is 
very critical to combat against these types of stresses to protect and sustain life in 
the plants. For this type of protection against the adverse and detrimental condi-
tions, different plants have developed various defense mechanisms at cellular level. 
These include glutathione, tocopherols, and ascorbic acid. These are considered as 
effective ROS-scavenging non-enzymatic and enzymatic antioxidants (Veljović- 
Jovanović et al. 2017). The enzymatic antioxidants are ascorbate peroxidase (APX), 
catalase (CAT), and superoxide dismutase (SOD) (Inzé and Van Montagu 1995).

Among the antioxidants of plants, AA is known as one of the leading antioxidant 
compounds playing a critical function in excessive ROS mitigation through the 
action of non-enzymatic and enzymatic detoxification cascades (Mittler 2002; 
Veljović-Jovanović et al. 2017). Ascorbic acid also works as a signaling molecule in 
several cellular activities such as cell expansion, cell wall growth, and cell division 
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(Conklin and Barth 2004; Zhang et al. 2007). It also works as a key cofactor for 
numerous enzymes including 2-oxoacid-dependent dioxygenases (GA and ABA 
biosynthesis), 1-aminocyclopropane-1-carboxylic acid, as well as oxidase for ethyl-
ene biosynthesis (Davey et  al. 2000; Smirnoff 2000). So, AA is an important 
 antioxidant with signaling role and has enormous potential to alleviate various abi-
otic stresses in numerous crops of economic importance under global perspectives.

Plants with lower AA biosynthesis are considered potentially sensitive to certain 
types of environmental stresses influencing their overall growth and developmental 
phases (Gao and Zhang 2008). It has also been noted that ascorbic acid as a pretreat-
ment or priming plays an imperative function in guarding the plants against numer-
ous types of abiotic stresses including salinity (Venkatesh et  al. 2012), low/high 
temperatures (Kwon et al. 2003; Larkindale et al. 2005), ozone (Feng et al. 2010), 
drought (Hemavathi et al. 2011), and increased light intensity (Talla et al. 2011). 
Besides pretreatment and priming, endogenous increased concentrations of AA in 
transgenic and/or mutants play a vital function in growth, developmental processes, 
and abiotic stress alleviation in various plants (Venkatesh and Park 2014). So, in the 
current chapter, the role of exogenous AA pretreatments and priming for alleviation 
of various abiotic stresses has been discussed.

2  Biosynthesis and Regulation of Ascorbic Acid

Plants being sessile have the ability to accumulate relatively higher levels of AA 
compared to animal cells (Foyer and Shigeoka 2011). Accumulation of AA in rap-
idly growing leaves might exceed 10% of the soluble carbohydrates. Initial work on 
AA biosynthetic pathway was carried out in the 1950s which advanced our under-
standings about carbon metabolisms in different plant species (Smirnoff and 
Wheeler 2000; Suekawa et al. 2017). Nevertheless, a detailed biosynthetic pathway 
was elucidated until 1999 by using various biochemical and genetics-related 
approaches (Conklin et al. 1999). Almost two decades ago, scientist characterized 
three AA biosynthetic pathways in plants with few exceptions in animals and some 
species of algae (Ishikawa and Shigeoka 2008).

The vast majority of animals except humans have the ability to synthesize AA in 
their bodies through a series of enzymatic reactions derived from UDP-glucose 
6-phosphate. Similarly, a larger part of biosynthesis of AA is accomplished through 
two intricate and branchy pathways in plants, i.e., D-mannose pathway and 
D-galacturonic acid pathway (Nishikimi and Yagi 1996; Suekawa et al. 2017). The 
former pathway has a dominant role in leaf tissues, and the latter is operated in 
developing fruits. Following the D-glucuronate pathway, stereochemistry of 
D-glucuronate is inverted to AA through different carbon skeleton substrates includ-
ing L-gulonate, D-glucuronate, and L-gulono-1,4-lactone (Nishikimi and Yagi 
1996; Suekawa et al. 2017).
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Although the counter-equilibrium between biosynthesis and degradations affects 
intracellular concentrations of AA, some plant tissues have much higher turnover 
rate of AA due to its multiple functional abilities (Pallanca and Smirnoff 2000; 
Suekawa et al. 2017). AA is not only limited to catalytic reactions (oxidation or 
reduction), but it is also itself an unstable metabolite that disturbs the balance of AA 
to dehydroascorbic acid (DHA). It has been demonstrated in several findings that 
AA also acts as a precursor of other metabolites including oxalates, L-tartrate, and 
L-threonate in various crop plants (Bánhegyi and Loewus 2004; Melino et al. 2009).

Structural cleavages of AA through a number of reduction, delactonization, and 
oxidation reactions at 2-, 3- or 3-, 6-carbon position atoms result in production of 
other useful metabolites. Cleavage at 1-, 2-carbon position yield oxalic acid, and 3-, 
6-carbon atoms produce L-threonine, which is further oxidized to produce L-tartrate 
(Debolt et al. 2007). Active degradation of AA in different plant species has been 
elucidated to take place via the production of DHA, L-threonate, and oxalate (Green 
and Fry 2005). Apparently AA’s cleavage pathways are plant species specific; hence, 
the comprehensive detail of degradation pathways remains to be elucidated until 
now (Bánhegyi and Loewus 2004; Suekawa et al. 2017).

Diverse plant species have different turnover rate of AA which is also supposed to 
be tissue specific. Turnover of AA in mature leaves of Arabidopsis is about 2.5% of 
the pool hour−1, while the degradation rate has been demonstrated to be as high as 
13% hour−1 in developing axes of pea seedlings (Conklin et al. 1997; Melino et al. 
2009). In addition to this, the degradation rate of AA was low at 1.41% hour−1 of total 
concentration in the early ripening stages of black currant (Hancock et  al. 2007). 
However, transformation rates of AA toward tartrate or oxalate accumulation in grape 
berries (and other related plants) are yet to be elucidated (Melino et  al. 2009). In 
plants, the significance of L-tartrate accumulation is still unclear since its biosynthesis 
has not been demonstrated in a large variety of plants and needs further elucidation.

3  Ascorbic Acid-Mediated Functions in Growth 
and Development During Abiotic Stress

AA is known as a multifunctional molecule considered imperative in one or other 
way for the growth of plants under abiotic stress conditions. AA generally performs 
a number of critical functions as it is known as the leading cofactor as well as redox 
buffer and has been found to be involved in a wide variety of important processes 
such as respiration, photosynthesis, biosynthesis, and regeneration of certain anti-
oxidants (Fig. 1) (Ortiz-Espín et  al. 2017). In addition, AA influences cell cycle 
progression that importantly takes part in certain signal transduction cascades. Its 
role is also critical because it is important for the growth and development processes 
of tissues, embryogenesis, seed germination, and cell proliferation. Moreover, it is 
also imperative for the development of shoots, roots, and meristems and subsequent 
flowering of the plants (Ortiz-Espín et  al. 2017). AA promoted root cell 
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differentiation in onion by modulating division rate and larger phase of G1 (Liso 
et al. 1988). On the contrary, AA synthesis inhibition by the application of lycopo-
rine resulted in blocking of cell cycles in G2 and G1 phase, specifying an important 
function of AA in the progression of cell cycles via G2/M and G1/S transitions 
(Innocenti et  al. 1990). In the same way, similar changes were noted in tobacco 
BY-2 cell cycles (De Pinto et al. 2000), and pea root cells (Citterio et al. 1994). AA 
also plays a critical function in zygotic embryogenesis, root/shoot pole generation, 
and embryonic/cotyledon axis (West and Harada 1993). It directly or indirectly 
regulated auxiliary bud formation and apical dominance in tomato (Zhang 2012). It 
also takes part in certain critical aspects of seed germination during abiotic stresses. 
AA acts as a seed germination inductor under saline stress. It participates in a net-
work of complex metabolic activities by integrating hormones, ROS, redox pro-
teins, and antioxidant concentrations and modulations that eventually regulate the 
seed germination or developmental processes (Ortiz-Espín et al. 2017). The poten-
tial role of AA in shoot/root development has also been observed in onion roots. It 
regulates different phases of cell cycle that ultimately affect shoot/root development 
(Liso et al. 1988; Orman-Ligeza et al. 2016). More importantly, the potential part of 

Fig. 1 Physiological roles of ascorbic acid in different plants under abiotic stress
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AA in the process of flowering has also been observed. It participates in various 
major cofactors in the biosynthesis of different important hormones that subse-
quently induce flowering in plants (Barth et al. 2006; Clifton et al. 2006).

4  Ascorbic Acid Signaling Under Abiotic Stress

Higher accumulation of ROS causes oxidative damage; however, lower ROS level 
activates distinctive signaling pathway by oxidation of specific metabolites such as 
signaling proteins. Posttranslational modifications of some proteins affect its struc-
tural solidity, catalytic activities, and interactions with certain important molecules 
(Dietz 2014, 2016; Mock and Dietz 2016). H2O2 modulates the transcriptional level 
of nuclear genes by its retrograde signaling mechanism (Bienert and Chaumont 
2014). The tuning of the targeted signaling proteins is achieved through regulation 
of the spatial distribution and levels of primary as well as secondary oxidants that 
are putatively associated with redox regulations of thiol group of active proteins and 
nonproteins during stressful conditions (Dietz 2016). It has been suggested that AA 
coupled with ascorbate peroxidase (APX) reduced the contents of H2O2 inside the 
chloroplast. However, oxidized DHA drained electron via dehydroascorbate reduc-
tase (DHAR) of thiol–disulfide redox regulation networks. Recent studies have sug-
gested that DHAR in the cytosol has a significant role for diverting the hydrogen 
peroxide (H2O2) metabolism toward oxidation of glutathione (GSH). The oxidized 
form of 2-CysPRXs and GSH/GSSG transmits further signaling toward transcrip-
tional activity of the nucleus (Mock and Dietz 2016; Rahantaniaina et al. 2017). The 
2-CysPRXs are known as the oxidized form which acts as redox sensors that are 
further reduced by thioredoxins and glutaredoxins. It has been demonstrated that 
2-CysPRXs are involved in various metabolic processes inside the chloroplasts such 
as carbon, nitrogen, or sulfur metabolism, photosynthetic light reactions, certain 
antioxidant defense enzymes, and biosynthesis of secondary compounds (Liebthal 
et al. 2017). Levels of 2-CysPRXs significantly enhanced in high light acclimatized 
double tAPX–sAPX mutants than wild plants (Kangasjärvi et al. 2008). Awad et al. 
(2015) also observed that during high light stress in respective mutants, 2-CysPRX 
accumulation was more prevalent compared to tAPX.  Exogenous application of 
AA as a pretreatment or priming reduces the transcriptional levels of PRX genes in 
chloroplast; however, the redox state of AA is an essential signal for upregulations 
of PRX gene expressions (Horling et  al. 2003). So, AA acts as a  repressor, and 
malondialdehyde (MDA) alone or coupled with DHA acts as a stimulator of PRX 
gene expression in the chloroplast under abiotic stress. Chloroplastic APX has a 
tendency to become inactivate in the deficiency of reduced AA; that can be consid-
ered as its signaling function (Exposito-Rodriguez et al. 2017).

The loosening of cell walls during drought, osmotic, and salinity stress is a vital 
phenomenon for cellular expansion (Tenhaken 2014). Accumulation of DHA is 
mainly pertinent in the loosening and reorganization of cell wall expansions 
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(Kukavica et al. 2008). DHA interacts with the side chain of cell wall protein argi-
nine and lysine residues and prevents their bonding with polysaccharides and pec-
tins. Apoplastic DHA is degraded to oxalates, L-threonate, and L-tartrate via 
multiple intermediates. These intermediates have a vital role in growth and develop-
mental cascades of plants particularly under stress (Parsons and Fry 2012). Cell 
wall loosening is achieved by reducing pectin cross-linking and extraction of 
 calcium from calcium–pectin complexes with the help of oxalate (Hocking et al. 
2016). Conversely, it has been observed that an alternate mechanism for produc-
tions of hydroxyl radical in the AA reliant pathway in the presence of Cu2+ or gen-
eration from H2O2 during degradation of AA and DHA exists in the cell wall (Fry 
1998; Kärkönen and Fry 2006). The hydroxyl radical results in structural cleaving 
of xyloglucans and pectins in cell walls (Spasojević and Bogdanović-Pristov 2010). 
Ascorbic acid oxidase (AAO) has been found to be associated with active degrada-
tions of auxins that are imperative growth regulators mainly pertinent to respond to 
osmotic stresses levied by low temperature, drought, and salinity (Pignocchi et al. 
2003). Among different plant growth regulators associated with protection against 
abiotic stresses, jasmonic acid (JA) is a positive regulator, while abscisic acid (ABA) 
and salicylic acid (SA) negatively regulate AAO expression levels (Sanmartin et al. 
2007). In addition to this, AAO overexpressing tobacco contains improved levels of 
DHA than wild-type plants. Enhanced levels of DHA were found to be responsible 
for improved ABA and H2O2 levels, stomatal movement, and guard cell signaling 
through reversible redox regulations of particular proteins (Fotopoulos et al. 2008).

5  Mechanism of Ascorbic Acid-Induced Stress Tolerance

Plants being sessile are extensively exposed to hostile environmental stresses such 
as drought, salinity, heavy metal excess, high solar irradiation, heat, and nutrient 
deficiency. The significant effects of these factors are interrelated for plant and result 
in disturbance in redox homeostasis and reduced capacity of carbon fixation in pho-
tosynthesis and consequently stunt the growth magnitude (Cramer et al. 2011; Zhu 
2017). During adverse situation, increased excitation pressure of free electrons in 
chloroplast surpasses the limit of cellular antioxidant capacity which causes oxida-
tive damage of other organelles. The AA level fluctuates in plant cells due to various 
factors including diurnal rhythms, developmental stages, and light, and the redox 
status of AA is associated with the redox homeostasis of cells (Akram et al. 2017).

AA present in cytosol, peroxisome, and chloroplast has a key role in scavenging 
H2O2 through APX, and it is proficiently recycled by either ascorbate–glutathione 
cycle or by reductive activity of MDHAR directly (Akram et al. 2017). Co-localization 
of AA in apoplastic and vacuolar spaces advocates that these are major reducing 
agents of free radicals generated under oxidative stress. In addition to their antioxi-
dative role, AA has a well-sophisticated role orchestrated with plant response to 
hostile environmental conditions such as regulation of enzymatic activities, biosyn-
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thesis of phytohormones, modulation of stress-related gene expressions, performing 
multiple tasks during redox signaling, and maintaining growth attributes (Fig. 1) 
(Akram et al. 2017). The magnitude of AA activity is strictly congruent to its distri-
bution in cellular compartments. Hence, it is important to know about cellular dis-
tribution of ascorbate, which would determine the impact of signaling regulation for 
quenching ROS (Akram et al. 2017).

Climate change has been considered a major threat to the plants owing to abrupt 
and extreme heat shocks, floods, drought, and availability of energy resources. 
Plants employ a diverse array of adaptive feedback mechanisms that enable them to 
maintain phenotypic plasticity equilibrium against a continuously fluctuating hos-
tile environment (Sultan 2000; Nicotra et al. 2010). The regular fluctuations in the 
environment bring different organisms close to hostile fluctuation turn into multiple 
stressors and thus act as determinants of plant performance and productivity of cer-
tain crops. Hence, a detailed understanding of stress magnitude and tolerance mech-
anism is the key for climate change predictions on different crop species (Koyro 
et al. 2012). Accumulation of ROS is a fundamental aspect of different abiotic stress 
types which disturb redox balance. If the magnitude of stress exceeds the anti- 
oxidation system and repairs capacity of any cell, the resulting accrued ROS leads 
to oxidative damages (Sharma et al. 2012). ROS accumulation is a hallmark of dif-
ferent molecular responses of plants to a wide range of hostile (heat, excess light, 
drought, heavy metal, chilling, and UV radiations) environmental conditions. 
Exogenous applied AA in the form of pretreatments or seed priming plays a critical 
role in ameliorating different abiotic stresses (Hamama and Murniati 2010; Penella 
et al. 2017). Overall, AA alleviates different abiotic stresses by playing an important 
role as a ROS scavenger (Fig. 2).

6  Ascorbic Acid–Glutathione Cycle and Abiotic Stress

Plants face continuous changes including biotic and abiotic stresses in the environ-
ment. The normal changes in temperature, irradiation, and other factors that influ-
ence various plant processes are respiration or photosynthesis (Miller et al. 2010). 
Increased levels of temperature and light may lead to over production of ROS that 
are considered very detrimental for the crop plants. So, some antioxidant defense 
system is required to combat against the said ROS. The non-enzymatic antioxidant 
includes AA and GSH (Noctor et al. 2014). Drought is considered highly destruc-
tive for plants. During drought conditions, closure of stomata is considered impera-
tive to reduce loss of water through transpiration. AA–GSH takes part in alleviating 
ROS-induced damage during drought conditions (Fig. 2). The leaves of the wheat 
cultivars that had higher AA levels exhibited reduced oxidative damage compared 
to lower levels under drought conditions. Similar response was observed in salinity 
stress. The levels of AA–GSH and NADPH oxidase may be increased by exogenous 
applications of H2O2 that in turn scavenge harmful free radicals during salinity 
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stress (Schmidt et al. 2013). The plants lacking AA or APX enzyme are highly sus-
ceptible to photooxidation-induced damages. Moreover, high light intensity also 
leads to photosynthesis inhibition. It was observed that plants of tomato with lower 
AA concentration showed significant oxidative damage during higher light condi-
tions. So, adequate AA–GSH level and higher potential to express APX enzyme are 
important to alleviate higher light stress in tomato plants (Baldet et al. 2013). In the 
same way, higher AA–GSH as well as APX enzyme is important to ameliorate oxi-
dative stress during heat/high temperature and chilling stress as noted in spinach 
(Gómez et al. 2008; Duan et al. 2012).

Fig. 2 Generalized mechanism of ascorbic acid-induced abiotic stress tolerance in plants
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7  Hydrogen Peroxide Scavenging and Ascorbic Acid 
Recycling During Abiotic Stress

ROS (H2O2) is produced as a result of numerous catabolic reactions; however, two 
key phenomena in plant cells, i.e., photosynthesis and photorespiration, during high 
temperature or light, drought, and chilling stress have the highest capacity to pro-
duce excessive ROS. During various abiotic stresses, ROS level is elevated in plant 
tissues (Cheeseman 2006; Slesak et al. 2007). It has also been observed that under 
abiotic stress, H2O2 accumulation in chloroplast chamber would also result in the 
disturbance of peroxidase, RuBisCO, Cu/Zn superoxide dismutase (SOD), and vari-
ous thiol-sensitive enzymes of Calvin cycle (Weisiger and Fridovich 1973; 
Cheeseman 2007). Generally, it has been reported that the reduced state of AA, 
which is extracted by standard procedures from plant tissues, represents that the 
plant is healthy. The deviation of 0.90–0.95 in ratio of reduced AA to total AA indi-
cates that ROS accumulation is outside of the antioxidative activity of the plant cells 
(Foyer and Noctor 2011). The total content of leaf AA is contingent on the plant 
growth and nutritional status, quality and quantity of light, diurnal rhythm, and rate 
of oxidative damage under environmental condition (Conklin and Barth 2004; 
Majer et al. 2016). APX, due to its high affinity for ROS, plays a crucial role for 
quenching H2O2 located in chloroplasts and utilizes AA as donor of electrons 
(Sharma and Dubey 2004). In addition to stromal ascorbate peroxidase (sAPX) and 
thylakoid-bounded ascorbate peroxidase (tAPX), H2O2 content in chloroplast is 
mainly controlled by peroxidase and glutathione peroxidases (GPXs). Similarly, 
H2O2 is scavenged by catalase in peroxisome, and H2O2 accumulation in apoplast, 
vacuoles, and cell wall is detoxified by class III peroxidases.

8  Free Radical Scavenging and Ascorbic Acid Under Abiotic 
Stress

Several environmental stressors such as salinity, water stress, heavy metals, ozone 
(O3), and UV radiations contribute to disturbing the homeostatic balance in extra-
cellular spaces. However, AA accumulation in apoplastic spaces act as the first anti-
oxidative step to alleviate abiotic stress due to the said causes (Kangasjärvi and 
Kangasjärvi 2014). The major reducing agent in the extracellular compartment is 
AA whose redox state is mediated by AAO (De Tullio et al. 2013). In addition to 
this, AA plays a vibrant role as a reductant of H2O2 in a class III peroxidase/pheno-
lic/AA system in apoplastic and vacuolar spaces (Takahama and Oniki 1997). 
During hydroxylic POD cycle in apoplast, the oxidation of ascorbate occurs during 
quenching of hydroxyl radicals (•OH) produced at the cell wall (Chen and Schopfer 
1999). Exogenous application of AA enhanced the scavenging capacity of •OH 
(Veljović-Jovanović et al. 2005). Addition of AA significantly decreased the elec-
tron paramagnetic resonance signals due to the presence of •OH and quinhydrone in 
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cell walls of pea roots (Kukavica et al. 2008). These results suggest that the redox 
state of AA pool in apoplast can also be a regulator of •OH, and consequently loos-
ening or stiffening of plant cell wall may occur (Morina et al. 2010). It has been 
demonstrated by EPR analysis that exogenous treatment of excessive Zn2+ and Cu2+ 
leads to the accumulation of carbon-centered (•CH3) and free radicals (•OH) in the 
cell wall of Verbascum thapsus plant’s root which increase DHA content and down-
regulate the AA content (Morina et al. 2010). MDA and H2O2 are further metabo-
lized by other enzymatic reactions which consequently regenerate reduced AA in 
the AA–GSH cycle. It has also been revealed that NADPH is seldom available in 
apoplastic tissues; hence, recycling of AA–GSH must take place in cytosol. AA 
degeneration into MDA in apoplast took place by the action of class III peroxidase/
phenolic/AA systems (Takahama and Oniki 1992). Furthermore, generation of apo-
plastic MDA in the closest proximity of plasma membranes accepts electrons from 
the membranes enclosed cytochrome b and recovered as AA and DHA by metabolic 
activities of MDAR (Drazkiewicz et al. 2003). The obtained DHA is subsequently 
shifted toward cytosol where it is reduced to AA in AA–GSH cycles and scavenges 
free radicals (Horemans et al. 2000).

9  Interaction of Ascorbic Acid with Other Phytohormones 
Under Abiotic Stress

The levels of AA regulation can be witnessed in response to different abiotic 
stresses. In addition, different types of environmental stresses can also trigger vari-
ous hormones including ethylene (ET), salicylic acid (SA), abscisic acid (ABA), 
gibberellins (GA), and jasmonic acid (JA) other than AA (Akram et al. 2017). AA 
cross talks with the abovementioned hormones in one or other way under abiotic 
stresses. The up- and/or downregulations of these hormones depend upon several 
factors (Fig. 1). For this purpose, one of the leading regulatory steps is protein inter-
action, transcription, and damage of the targeted proteins. In different plant species, 
mitogen-activated protein kinase (MAPK)-associated cascades play an imperative 
function in different abiotic stressful responses as well as responses of the phytohor-
mones that consist of signaling of ROS molecules (Fujita et al. 2006). It is now a 
well-established fact that cross talks between different other hormones and AA do 
exist. The major signaling molecules integrated in abiotic stress regulation and envi-
ronment of the plants include ABA and GA. GA biosynthesis regulated GA-20- 
oxidase needs AA for its characteristic activities (Coles et al. 1999). Furthermore, 
higher concentrations of ABA in vtc-1 apparently occurred due to AA up-relation 
needing biosynthetic enzyme of ABA such as NCED dioxygenase that might lead 
to late flowering phenotypes during short daytime periods. However, at the same 
time, this evidence appears to be slightly contradictory as well as supportive because 
the biosynthetic pathways of ABA need AA. In the same way, endogenous concen-
trations of AA positively influence various hormones and hormone-dependent sig-
nal transduction cascades under abiotic stresses (Pastori et al. 2003). For instance, 
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the level of AA in tomato plant was noted to be positively associated with activation 
of the specific genes correlated with signaling of hormone dependent on oxidative 
stresses (Lima-Silva et al. 2012). It was also noted that exogenous AA treatment in 
combination with citric acid led to increased level of indole acetic acid, GA, brassi-
nosteroids, and zeatin along with decreased contents of ABA in wheat under saline 
stress (Sadak et al. 2013). Moreover, biosynthesis regulation of ABA has also been 
found to be associated with redox signals together with DHA and AA level in plants 
(Chen et al. 2014). Likewise, AA is found to be associated with floral induction in 
indirect manner owing to its interface with GA and ABA biosynthesis (Barth et al. 
2006). It has also been observed that GA enhances flowering (Xu et  al. 2015); 
reduces senescence (Currey et al. 2013); plausibly antagonizes influence of JA, SA, 
and ABA; and exhibits a complicated interaction among various other hormones to 
intervene with the critical signaling cascades that might be a proper network for 
alleviation of certain abiotic stresses (He et al. 2001; Barth et al. 2006; Akram et al. 
2017).

10  Ascorbic Acid and Drought Stress

10.1  Increased Endogenous Ascorbic Acid and Drought Stress

Physiological functions such as stomatal closure in leaves, apoplastic fluctuations, 
and maintenance of xylem pH are regulated by AA-dependent ABA signaling cas-
cades (Tombesi et  al. 2015; Gloser et  al. 2016). Upregulation of NCED3 gene 
enhances the biosynthesis of ABA during drought stress. Water deficit immediately 
triggered the increased level of ABA (McAdam and Brodribb 2016). Moreover, 
drought improved the circulation of ABA by de-conjugating ABA-glucose ester 
which is deposited in vacuole (Seiler et al. 2011). In addition to stomatal closures 
during drought stress, other physiological changes included the retarded growth, 
lignification, changes in antioxidant pool, accumulation of osmatic intermediates, 
and senescence induction cascade (Chaves et  al. 2003). Pyngrope et  al. (2013) 
reported two rice varieties including drought-tolerant (Dt) and drought-sensitive 
(Ds) cultivars and found that Ds cultivar downregulated AA and enhanced DHA. The 
authors concluded that Dt cultivar was more efficient in terms of maintenance of 
redox state during oxidative stress by water deficiency. The results were also consis-
tent with lower H2O2 contents in the young seedling of Dt cultivar followed by 
exogenous treatment of glycol along with increased AA concentration. Several 
studies stressed on the significance of cytosolic isoforms of Cu/ZnSOD and APX 
enzymes in plants during water deficiency (Mittler and Zilinskas 1994; Sofo et al. 
2005). Transgenic tobaccos (having enhanced endogenous AA) with duplicated 
cytosolic copies of APX as well as single copy of Cu/Zn SOD and APX in cytosol 
showed relatively higher tolerance to mild water deficiency stress than wild type 
(Faize et al. 2015). Lines of transgenic origin were less vulnerable to oxidative dam-
age due to water deficiency due to less H2O2 content, MDA and electrolyte leakage, 
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and higher water use efficiency along with enhanced growth. As the drought pro-
ceeded during the course of time, APX activity decreased initially and began to 
enhance with the passage of time in soybean young seedling roots (Kausar et al. 
2012). Likewise, in four Prunus hybrids, after 3 weeks of commencement of drought 
stress, the activity of MDAR, APX, and DHAR enhanced as that of DHA and AA 
accumulation and continued to enhance unlike that of well-watered plants. The 
putative increment in GR activity was delayed which was consistent with accumula-
tion of GSH content unlike to other antioxidant enzymes. The H2O2 level continu-
ally enhanced remarkably in drought treatments for up to 70  days, and after 
re-watering of plants, the AA–GSH cycle downregulated owing to reduced accre-
tion of H2O2 and putative requirements for its decontamination (Sofo et al. 2005).

10.2  Exogenous Ascorbic Acid Application and Drought Stress

Drought is a very critical stress that negatively affects growth and productivity of 
crops. Its negative effects can be alleviated with exogenous AA pretreatments or 
seed priming. It has been observed that priming of sorghum seeds with AA showed 
increased fresh and dry weight and nodes per stem with improved vegetative growth 
under drought stress conditions (Arefi et al. 2016). The foliar pretreatment of young 
peach trees with 250 mg L−1 AA resulted in increased CO2 assimilation, stomatal 
conductance, ostiole length, proline contents, and reduced lipid peroxidation under 
water stress conditions (Penella et al. 2017). The foliar pretreatment with 300 mg L−1 
increased soluble proteins, cell membrane stability, and endogenous AA and APX 
activity with decreased lipid peroxidation in grapes under drought stress (Table 1) 
(Zonouri et al. 2014). Seed priming of maize with 55 mM AA showed increased 
germination speed, germination percentage, vigor index, root length, shoot length, 
seedling height, leaf number, and leaf area during drought stress (Hamama and 
Murniati 2010). Foliar pretreatment of AA in combination with 24-epibrassinolide 
showed increased oil content, reduced relative water content, enhanced antioxida-
tive enzymes activities, and declined membrane leakage and H2O2 and MDA con-
centration of marigold under water stress (Hemmati et al. 2018). Seed pretreatment 
of cauliflower led to increased endogenous AA concentration, leaf proline, pheno-
lics, root fresh and dry weight, chlorophyll, and root/shoot P and K+ along with 
higher antioxidant enzyme (Latif et  al. 2016). Priming of wheat seeds with AA 
resulted in increased shoot length, glycinebetaine concentration, and activities of 
GR, SOD, APX, CAT, and MDHAR with reduced MDA contents during drought 
conditions (Singh and Bhardwaj 2016). In the same way, priming of caper (Capparis 
spinosa) with 100 mg L−1 AA showed increased germination percentage, germina-
tion rate, seedling length, root length, shoot length, and vigor index under drought 
stress (Heydariyan et al. 2014). Seed priming of wheat with AA resulted in higher 
chlorophyll, photosynthesis, and overall growth under drought stress (Malik and 
Ashraf 2012). In the same way, AA seed priming also showed higher chlorophyll, 
leaf emergence, specific leaf area, leaf area, seedling dry weight, and root length 
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Table 1 Effect of ascorbic acid pretreatments on abiotic stress tolerance in plants

Crop Concentration Stress type Inferences References

Pumpkin 30 mg L−1 Salinity Reduced salt stress severity, 
increased seedling fresh weight, 
protein concentration, and overall 
growth

Rafique et al. 
(2011)

Sugarcane 0.5 mM Salinity Increased root length, soluble 
protein, and antioxidant enzyme 
activities under in vitro saline 
condition with reduced yellowing

Munir and 
Aftab (2011)

Rice 5 mM High 
temperature

Ameliorated high temperature 
stress by increasing potassium ions 
and antioxidant enzymes (CAT, 
POD, SOD) activities and lowering 
lipid peroxidation

Shah et al. 
(2011)

Pistachio 0.5–1 mM Salinity Increased chlorophyll, 
photosynthesis capacity, and leaf 
proline and reduced electrolyte 
leakage

Bastam et al. 
(2013)

Common 
bean

1 mM Salinity Alleviated oxidative damage, 
increased growth attributes, 
photosynthetic pigments, and lipid 
peroxidation

Saeidi-Sar 
et al. (2013)

Tomato 50 mg L−1 Salinity Increased germination rate, fresh 
and dry mass, leaves per plant, leaf 
area, chloroplast efficacy, 
photosynthesis pigments, inorganic 
minerals, and antioxidant enzyme 
activities

El-Sayed and 
El-Sayed 
(2013)

Maize 40 mg L−1 Chilling/
cold

Increased growth, chlorophylls, 
leaf relative water, and membrane 
stability and enhanced enzymatic 
activities

Ahmad et al. 
(2014)

Strawberry 3 mM Heat Increased AA contents and 
chlorophyll and reduced loss of 
turgidity

Ergin et al. 
(2014)

Cucumber 750 μM Chilling/
cold

Mitigated chilling stress, reduced 
oxidative damage, membrane 
leakage, and MDA production

Lukatkin and 
Anjum (2014)

Peach 250 ppm Drought Increased CO2 assimilation, 
stomatal conductance, ostiole 
length, and proline contents and 
reduced lipid peroxidation

Penella et al. 
(2017)

Pepino 100 mM Chilling Improved AA, chlorophylls, 
carotenoids, total phenols, and 
proline. Decreased MDA contents

Sivaci et al. 
(2014)

Grapes 300 mg L−1 Drought Increased soluble proteins, cell 
membrane stability, endogenous 
AA, APX enzyme activity with 
decreased lipid peroxidation

Zonouri et al. 
(2014)

(continued)
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with reduced oxidative damage in wheat (Table 2) (Farooq et al. 2013). It has also 
been observed that AA priming also increased germination index, germination per-
centage, normal seedlings, seedling length, dry weight, and proline contents of 
sesame (Tabatabaei and Naghibalghora 2013). Similarly, priming of wheat seeds 
with AA led to increased vegetative growth, cell membrane stability, relative water 
content, and proline and antioxidant enzyme activity along with significantly sup-
pressed oxidative damage (Table 2) (Malik et al. 2015).

Table 1 (continued)

Crop Concentration Stress type Inferences References

Rice 1 mM Salinity Increased K+, chlorophyll, 
vegetative growth, fresh weight, 
dry weight, root length, and shoot 
length

Alhasnawi 
et al. (2015)

Tomato 1 mM Salinity Higher chlorophyll contents, 
germination percentage, 
carotenoids, and shoot and root 
length with lower lipid 
peroxidation

Krupa- 
Małkiewicz 
et al. (2015)

Date palm 100 mg L−1 Salinity Increased shoot protein, 
chlorophyll, shoot length, root 
length, growth, and activity of 
APX and SOD enzymes

AL-Mayahi 
(2016)

Cauliflower 75 or 
150 mg L−1

Drought Increased endogenous AA, leaf 
proline, phenolics, root fresh and 
dry weight, chlorophyll, root and 
shoot P and K+ with improved 
antioxidant enzymes activities

Latif et al. 
(2016)

Rice 10 mM O3 Increased endogenous AA 
concentration but not alleviated 
O3-induced photosynthesis 
inhibition

Kobayakawa 
and Imai 
(2017)

Marigold 10 mM Drought Increased oil content, reduced 
relative water content, enhanced 
antioxidative enzymes activities, 
reduced membrane leakage, H2O2 
and MDA concentration

Hemmati et al. 
(2018)

Tomato 4 mM Salinity Increased germination, seedling 
biomass, seedling length, vigor 
index, and germination speed

Kaur and 
Gupta (2018)

AA ascorbic acid, APX ascorbate peroxidase, CAT catalase, CO2 carbon dioxide, H2O2 hydrogen 
peroxide, MDA malondialdehyde, O3 ozone, P phosphorus, SOD superoxide dismutase
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Table 2 Effect of ascorbic acid seed priming on abiotic stress tolerance in plants

Crop Concentration
Stress 
type Inferences References

Wheat 50 mg L−1 Salinity Reduced leakage rate and 
germination time, increased growth 
and biomass accumulation

Afzal et al. (2006)

Hot 
pepper

50 mg L−1 Salinity Improved germination, root/shoot 
length, seedling fresh weight, vigor 
index, and secondary roots

Amjad et al. 
(2007)

Maize 55 mM Drought Increased germination speed, 
germination percentage, vigor index, 
root length, shoot length, seedling 
height, leaf number, and leaf area

Hamama and 
Murniati (2010)

Wheat 1 mM Drought Higher chlorophyll, photosynthesis, 
and overall growth

Malik and Ashraf 
(2012)

Broad 
bean

100 mg L−1 Salinity Increased growth, soluble 
carbohydrates, proline, free amino 
acids, K+/Na+ ratio, and 
photosynthesis pigments

Azooz et al. 
(2013)

Wheat 2 mM Drought Higher chlorophyll, leaf emergence, 
specific leaf area, leaf area, seedling 
dry weight, root length with reduced 
oxidative damage

Farooq et al. 
(2013)

Pumpkin 500 μM Salinity Increased germination, root length, 
and activity of POD and CAT 
enzymes

Fazlali et al. 
(2013)

Sesame 50 ppm Drought Increased germination index, 
germination percentage, normal 
seedlings, seedling length, dry 
weight, and proline contents

Tabatabaei and 
Naghibalghora 
(2013)

Sunflower 2 mM Salinity Increased seed stamina index, 
germination speed, germination rate, 
hypocotyl dry weight, relative water 
content, and radical dry weight and 
reduced ion leakage

Fatemi (2014)

Caper 100 mg L−1 Drought Increased germination percentage, 
germination rate, seedling length, 
root length, shoot length, and vigor 
index

Heydariyan et al. 
(2014)

Wheat 1 mM Drought Increased growth, oxidative damage, 
cell membrane stability, relative 
water content, and proline and 
increased antioxidant enzymes 
activities

Malik et al. 
(2015)

Sorghum 100 mM Drought Increased fresh and dry weight and 
nodes per stem with improved 
growth

Arefi et al. (2016)

(continued)
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11  Ascorbic Acid and Low Temperature Stress

Chilling or cold stress is considered very detrimental for crop plants (Lukatkin and 
Anjum 2014). It damages the plants of economic importance by affecting the inter-
nal cell structure due to formation of crystals in the cytoplasm. So, it is a great con-
cern with respect to commercial crop production and needs to be managed 
accordingly. It has been reported that cold or chilling stress can effectively be man-
aged by priming or pretreatment with AA. Pretreatment of cucumber with 750 μM 
AA in combination with 100 μM glutathione alleviated chilling stress and reduced 
oxidative damage along with higher membrane integrity (Lukatkin and Anjum 
2014). In the same way, priming or foliar pretreatment of maize with 40 mg L−1 
resulted in increased growth, chlorophylls, leaf relative water, and membrane stabil-
ity and enhanced enzymatic activities subsequently developing in alleviated clod or 
low temperature stress under pot and filed conditions, respectively (Tables 1 and 2) 
(Ahmad et al. 2014). Similarly, exogenous pretreatment of pepino (Solanum murica-
tum) with 100 mM AA resulted in improved endogenous AA, chlorophyll contents, 
carotenoids, total phenols, and proline concentration  along with decreased MDA 
contents that in turn efficiently ameliorated chilling stress (Sivaci et  al. 2014). 
Besides exogenous pretreatment or priming, transgenic endogenous increased pro-
duction of AA is also an effective approach to overcome chilling or cold stress in 
crop plants (Venkatesh and Park 2014). The increased endogenous production of AA 
showed alleviation of chilling stress in tomato (Wang et al. 2006). Likewise, OsAPX1 
overexpression enhanced tolerance of chilling stress in rice (Sato et  al., 2011). 
Similarly, the higher APX activity led to increased chilling tolerance in transgenic 
tobacco (Sun et al. 2010).

Table 2 (continued)

Crop Concentration
Stress 
type Inferences References

Pea 50 mg L−1 Salinity Enhanced chlorophyll, stem length, 
stomatal conductance, and dry matter 
of roots

Balliu et al. 
(2014)

Eggplant 100 or 
200 mg L−1

Salinity Increased germination, dry and fresh 
weights, seedling growth, 
carbohydrates, total chlorophyll, and 
proteins and reduced electrolyte 
leakage

Jan et al. (2016)

Wheat 400 μM Drought Increased shoot length, 
glycinebetaine concentration, and 
activities of GR, SOD, APX, CAT, 
and MDHAR enzymes with reduced 
MDA contents

Singh and 
Bhardwaj (2016)

CAT catalase, POD peroxidase, APX ascorbate peroxidase, MDA malondialdehyde, MDHAR 
monodehydroascorbate reductase, SOD superoxide dismutase
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12  Ascorbic Acid and High Temperature Stress

High temperature or heat stress has been significantly increased during the recent 
years in the world. It not only negatively affects growth of crop plants but also 
reduces anticipated yield, eventually leading to the loss of food security. However, 
its impact can be alleviated with some exogenous AA pretreatments or priming 
strategies with varying effects (Tables 1 and 2). It has been reported that pretreat-
ment of strawberry with AA efficiently alleviated the heat stress damage and 
resulted in increased AA contents and chlorophyll and reduced loss of turgidity 
(Table 1) (Ergin et al. 2014). Similarly, AA pretreatment also ameliorated high tem-
perature stress by increasing potassium ions and antioxidant enzymes (CAT, POD, 
and SOD) activities and lowering lipid peroxidation in rice plants (Shah et al. 2011). 
Besides exogenous priming or pretreatments, overexpression of the endogenous 
concentrations of AA also helps in the amelioration of high temperature or heat 
stress in plants. It has been reported that cytosolic APX overexpression enhanced 
the heat stress tolerance in transgenic tomatoes (Wang et al. 2006). In the same way, 
overexpression of APX gene resulted in induced heat stress tolerance in transgenic 
potatoes due to SWPA2 promoters (Tang et  al. 2006). Incorporation of APX 
thylakoid- bound gene from tomatoes led to enhanced high temperature stress toler-
ance in the transgenic tobacco (Sun et al. 2010). It also resulted in the increased 
PS-II photochemical efficacy in the lines of transgenic plants (Wang et al. 2011).

13  Ascorbic Acid and Salinity Stress

Among different abiotic stresses, salinity is one of the major constraints that is con-
sidered as the leading challenge to agriculture and food security. It has been observed 
that different plants have developed certain defense mechanisms to combat saline 
stress conditions to balance cellular hyper-osmolarity and disequilibrium (Chandna 
et al. 2013). The negative effects of salinity may also be alleviated by using certain 
priming and pretreatments as well as transgenic increase of endogenous AA con-
centration (Tables 1 and 2). The pretreatment with AA led to increased K+, chloro-
phyll, overall growth, fresh weight, dry weight, root length, and shoot length of rice 
under saline conditions (Alhasnawi et al. 2015). Pretreatment of date palm with AA 
resulted in higher shoot protein, chlorophyll concentration, shoot length, root 
length, growth, and activity of APX and SOD enzymes in response to saline envi-
ronment under in vitro conditions (AL-Mayahi 2016). Foliar pretreatment of AA 
showed increased chlorophyll, photosynthesis capacity, and leaf proline and reduced 
electrolyte leakage in pistachio under salinity conditions (Bastam et  al. 2013). 
Likewise, pretreatment of common bean with AA resulted in alleviation of ROS- 
induced oxidative damage and increased growth attributes, photosynthetic pig-
ments, and lipid peroxidation under salinity stress (Table 1) (Saeidi-Sar et al., 2013). 
AA priming was highly effective to increase vegetative growth, soluble 
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carbohydrates, proline, free amino acids, K+/Na+ ratio, and photosynthesis-related 
pigments of broad bean (Azooz et al. 2013). Similarly, pretreatment of tomato seeds 
with AA showed increased germination, seedling biomass, seedling length, vigor 
index, and germination speed under salinity conditions (Kaur and Gupta 2018). It 
was observed that pretreatment of sugarcane with AA resulted in increased root 
length, soluble protein, and antioxidant enzymes activities with reduced yellowing 
under in vitro saline conditions (Table 1) (Munir and Aftab 2011). Pretreatment of 
tomato seeds led to increased germination rate, fresh and dry mass, leaves per plant, 
leaf area, chloroplast efficacy, photosynthesis pigments, and inorganic minerals 
along with higher antioxidant enzymes activities (El-Sayed and El-Sayed 2013). 
Pre-sowing treatment of pumpkin with AA led to reduced salt stress severity and 
increased seedling fresh weight, protein concentration, and overall growth (Rafique 
et al. 2011). Similarly, tomato seed pretreatment with AA showed higher chloro-
phyll contents, germination percentage, and carotenoids and shoot and root length 
with lower lipid peroxidation (Krupa-Małkiewicz et al. 2015). Priming of eggplant 
with AA led to increased germination, dry and fresh weights, seedling growth, car-
bohydrates, total chlorophyll, and proteins and reduced electrolyte leakage under 
saline conditions (Table 2) (Jan et al. 2016). In the same way, hot pepper priming 
with AA also resulted in improved germination, root/shoot length, seedling fresh 
weight, vigor index, and secondary roots in response to saline conditions (Amjad 
et al. 2007). AA alleviated salinity-induced damage by showing enhanced chloro-
phyll concentration, stem length, stomatal conductance, and dry matter of pea plant 
roots (Balliu et  al. 2014). Priming of naked pumpkin seeds with AA resulted in 
increased germination, root length, and activity of POD and CAT enzymes along 
with alleviation of salinity-induced damage (Fazlali et  al. 2013). Likewise, AA 
priming treatment of wheat showed reduced leakage rate and germination time and 
increased growth and biomass accumulation under salinity stress (Afzal et al. 2006). 
Similarly, priming of sunflower with AA led to increased seed stamina index, ger-
mination speed, germination rate, hypocotyl dry weight, relative water content, and 
radical dry weight and reduced ion leakage under saline conditions (Fatemi 2014).

14  Ascorbic Acid and Heavy Metal Stress

The exploitation of environment by heavy metals and metalloids has been increased 
owing to their consistent presence and ability to bioaccumulate in plant tissues and 
deterioration of whole food chain. Excessive contents of heavy metals in different 
soil types are primarily due to expanding industrial wastes, mining activities, and 
urbanization. The bioavailability of metal ions depends on various factors including 
organic content, soil pH value, cation exchange capacity, and others. Certain metals 
are necessary component for growth and developments of plants including Cu, Zn, 
Mn, and Fe (called essential ions), while the rest of the ions (Cd, Pd, and Al) are 
non-essential, and these compete with other ions for their uptake and consequently 
cause metabolic disturbance. The mechanism of excess metal toxicity includes the 
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enhanced generation of ROS that perturbs the redox state and wide range of modi-
fications in antioxidative pool, destructive interaction with proteins (histidyl, thiol 
and carboxyl group), and displacement of essential cations (Sharma and Dietz 2009; 
Küpper and Andresen 2016). Metal toxicity causes severe damage to plant health by 
inhibiting photosynthesis as well as perturbing energy generation mechanisms, lipid 
peroxidation of organelles, and DNA damages eventually affecting growth and pro-
duction. It has been noted that the effects of metal toxicity depend on the plant 
developmental stages and their concentration and exposure duration (Koffler et al. 
2014; Anjum et al. 2014). Heavy metals, particularly redox active metals, play a key 
role for the generation of O2

•−, H2O2, and •OH through Haber–Weiss and Fenton 
reaction inside the cells (Demidchik 2015). These metal ions bound to ligands with 
organic acids, essential amino acids, metallothioneins, and phytochelatins (Hossain 
et al. 2012). However, AA may act as proxidant when they are in direct contact with 
metal ions in the root apoplast. Conversely, redox-inactive heavy metal elements 
(Zn, Ni, Cd, and others) regenerate ROS by certain indirect mechanism, i.e., dis-
abling antioxidant system and upregulating NADPH oxidase activity (Horemans 
et  al. 2007; Anjum et  al. 2014). Another alternate mechanism of redox-inactive 
heavy metals is Zn-induced oxidative stress which leads to accumulation and stabi-
lization of phenoxyl radicals through charge transfer complex exhibiting prooxidant 
behavior (Morina et al. 2010).

It has been observed that exogenous application of Zn induced a more oxidizing 
state in root apoplast by decreasing AA/DHA ratio unlike leaves of V. thasus 
(Morina et al. 2010). The DHA accretion in roots is consistent with addition of QH 
that is localized in cell walls and inhibitive activities of most of the enzymes involved 
in AA–GSH cycle. Similarly, Zn reduced the AAO activity in the roots of Zea mays; 
however, Cu has no significant effect for the same crop (Vuletić et al. 2014). Cd 
significantly reduced the activity of AAO in roots of barley (Tamás et al. 2006). 
Moreover, exogenous pretreatment of AA alleviated salinity stress (Shalata and 
Neumann 2001). Fecht et al. (2003) suggested that peroxidases and AA in apoplast 
have improved the Mn tolerance in two cultivars of Vigna unguiculata metal- 
sensitive and metal-tolerant. It was noted that the effects of Mn toxicity significantly 
reduced the redox state and total AA content in apoplast in metal-sensitive cultivar 
but did not have any effect on the metal-tolerant cultivar. Moreover, DHA accumu-
lated in apoplast is transported inside the cell to alter the cell cycle (Horemans et al. 
2000) as consistently reported for BY-2 cell lines of tobacco (Potters et al. 2004). 
Horemans et al. (2000) also presumed that metal-induced oxidative stress or other 
hostile environmental conditions affect the redox signaling cascade by increasing 
cellular DHA content to cease the cell activities in order to allow the cell to adjust 
in different homeostatic range.

The transcriptional abundance of APX-1 was significantly induced in roots of 
Arabidopsis due to Cu toxicity-induced oxidative stress; however, Cd treatment 
had  no effect on transcription levels of APX-1 gene (Opdenakker et  al. 2012). 
Moreover, putative signaling pathway that is mediated by ZAT-12 transcription fac-
tor (sensitive to ROS accumulation) triggers APX-1 expression level, thus suggest-
ing active role of APX-1  in cytosol during Cu-induced stress. Similarly, Zn 
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accumulation induces the activity of MDAR and APX in young shoot tissues of 
common mullein (Morina et al. 2010). The biosynthesis of AA by enhanced activity 
of GalLGH and its efficient recycling through ascorbate–glutathione cycle was also 
stimulated. The sum of reduced and total GSH level was decreased due to Zn-induced 
oxidative stress in cell, indicating the affected AA recovery regardless of MDAR 
activity. Lucini and Bernardo (2015) elucidated that Zn toxicity stress exposure for 
a long time period enhanced the GalLDH activity in lettuce. Consistently depletion 
of AA content and elevated levels of DHA due to exogenous Cd stress have also 
been reported in the leaves of rice (Chao et al. 2010). During this duration, it has 
been demonstrated that oxidation of AA is closely associated with enhanced MDA 
content, suggesting its active role as an antioxidant. In addition to this, followed by 
Cd stress, the plants were treated with exogenous pretreatment of AA or L-galactono- 
1,4-lactone, oxidative stress of Cd was rescued, and there was reduced content of 
AA due to its putative consumption for alleviating stress.

The comprehensive role of AA in metal-induced stress has been investigated 
with mutant and transgenic studies. The increased expression of DHAR co- localized 
in cytosol of tobacco root cells enhanced the Al-induced stresses by reducing the 
ROS concentration, lipid accumulation and enhanced AA and APX enzymatic 
activity, than wild type. Unlike DHAR, overexpression of MDAR was not effective 
in contributing alleviation of oxidative stress induced by Al, though the AA level 
was higher than wild type (Yin et al. 2010). It has been observed that proficient AA 
recovery via cytosolic reduction of DHA provided the defense against oxidative 
stress in symplast and apoplast. However, this may imply to only availability of cel-
lular GSH. Further work is needed to elucidate the redox reaction in cell wall and 
apoplast for better understanding of the signaling network of stress tolerance in 
plant cell under heavy metal stress.

15  Ascorbic Acid and UV Radiation Stress

Plants being sessile are generally exposed to UV irradiation which is about 7% of 
total solar radiations comprising UV-A (315–400  nm) and UV-B (290–315  nm) 
(Kerr and Fioletov 2008; Frohnmeyer and Staiger 2003). Preliminary investigations 
about UV-B irradiation have revealed its damaging effects for growth and develop-
mental aspects of plants including detrimental effects on cellular membrane and 
proteins, regeneration of ROS, perturbing signaling network of D1 and D2 subunits 
of photosystem II, oxidative stress, and producing cyclobutane pyrimidine dimers in 
a DNA strands, affecting activities of RuBisCO (Hu et al. 2013; Lidon et al. 2012). 
Nevertheless, it has been observed that such damaging influences of UV-B irradia-
tion are ascribed to increased fluxes as well as intensities of the artificial UV-A and 
UV-B exposure in growth chambers. Similarly, certain other unfavorable environ-
mental conditions in the field are also detrimental for the growth and developmental 
processes of plants and yield including high temperature stress and drought condi-
tions (Hideg et al. 2013).

S. Ali et al.



481

In the same way, several reports have demonstrated the ecological importance of 
UV-B irradiation suggesting it to be vital for environmental cue for growth and 
development of plants (Heijde and Ulm 2012; Jenkins 2009). The UV responses on 
UVR-8-based signaling cascade is accountable for transcriptional abundance of 
multiple genes which are involved in flavonoid biosynthesis and regulation of anti-
oxidant defense mechanism, along with activation of GSH metabolism cascades 
(Brown et al. 2005; Wu et al. 2012). Elevated concentrations of UV-B irradiation 
reduce the ascorbate redox state in pea and barley leaves due to enhanced levels of 
ROS accumulations (Hideg et al. 2006). However, UV-B irradiation also helps in 
activation of antioxidative defense via UVR-8 signaling pathway. This signaling 
pathway contains a number of components such as HY5-homologue (HYH), elon-
gated hypocotyl-5 (HY5), and photomorphogenic-1 (COP1) (Vidović et al. 2017). 
However, during optimal circumstances, plants respond to the cumulative effect of 
UV-A, UA-B, and photosynthetically active radiation (PAR), and these overlapping 
responses may imply cross-tolerance (Behn et  al. 2010; Majer and Hideg 2012; 
Klem et al. 2012).

Class III peroxidase/phenolic/AA and AA–APX systems are mainly responsible 
for efficient quenching of H2O2 and high AA redox state in leaf tissues of P. cole-
oides after high light (HL) exposure for 10 days (Vidović et al. 2015b). Plant expo-
sure to UV-B irradiation and increased PAR diminished oxidative stress and thus 
didn’t provoke enzymatic activities of POD and CAT, and hence no substantial 
changes in AA redox state occurred. This is in consistence with facts that UV-B- 
induced plant stresses in the fields are not much stronger (Ballaré et al. 2011; Hideg 
et al. 2013). Coupled exposure of higher intensity light along with UV-B irradiation 
provokes enhanced enrichment of AA, APX, and CAT activity compared to only 
high light, suggesting that two energy sources synergistically stimulate the antioxi-
dant system in green zones of variegated leaves of P. zonale (Vidović et al. 2015a). 
In addition to this, UV-B acclimatization responses overlap with high light expo-
sure; however, elevated AA redox state due to UV-B was only noted earlier under 
increased light acclimatized plants of tobacco (Majer and Hideg 2012).

16  Ascorbic Acid and High Light Stress

Plants are inevitably exposed to continuously varying PAR fluxes during natural envi-
ronmental conditions (Lichtenthaler 2007). The PAR fluxes exceed the dissipation 
capacity and metabolic requirement of plant factory, and the rate of ROS generation 
enhances which sequentially inhibits the photosynthetic rate and assimilation of CO2 
(Li et al. 2010). These conditions are known as “photooxidative stress” (Foyer and 
Shigeoka 2011). It is very hard to classify the intensity of PAR which acts as a stressor 
for any specific plant species, since it depends on several factors such as salinity, 
drought, temperature stress, nutrient deficiency, developmental stages, and previous 
light acclimatization history (Li et al. 2010). It has been found that even optimal PAR 
flux might act as a  stressor during limited CO2 availability (Mittler et  al. 2004). 
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During such situation, photoprotection mechanism is activated which downregulates 
the PSII in order to dissipate excessive photon energy by lowering the pH values and 
zeaxanthin accumulations (Karpinski et  al. 1999). Molecular oxygen plays a vital 
function in dissipation of energy by accepting electron in both photosynthetic pro-
cesses such as during photorespiration and Mehler reaction (Ort and Baker 2002).

AA content (Heyneke et  al. 2013), cytosolic APX (Fryer et  al. 2003), other 
essential components of ascorbate–glutathione cycle (Szechyńska and Karpiński 
2013), anthocyanin and flavonoid contents (Pollastri and Tattini 2011), xanthophylls 
(Lichtenthaler 2007), and tocopherol (Munné et al. 2013) are all high light-induced 
components of anti-oxidative defense pool in plants under abiotic stresses. High 
light fluxes incite rapid biosynthesis of leaf AA content almost as directly propor-
tional, supporting the role of AA in photo-protection mechanism (Noshi et al. 2016). 
Generally, high light induces 2–3 times of total AA content in different plant spe-
cies, both after long-term exposure (10–15 days) (Page et al. 2012) and short-term 
exposure (< 24 h) (Laing et al. 2017). Subcellular fluctuations in AA content were 
studied in Arabidopsis leaves in response to high light exposure in mesophyll 
explicit that as the light irradiance enhances from 700 to 1500 μmol m−2 s−1, biosyn-
thesis of AA level elevated progressively in vacuoles and chloroplasts (Heyneke 
et al. 2013). AA becomes prevalent in the lumen of thylakoids at very high PAR 
fluxes. Low PAR exposure at 700 μmol m−2 s−1 for 2 weeks produces more AA in all 
organelles. Significantly higher contents of AA were observed in vacuole (almost 
four times) and doubled in chloroplast. Conversely, relative ratio of AA was 
decreased in peroxisomes during high light exposure. The enhanced AA content in 
chloroplast is associated with photo-protection role, while such increment in vacu-
ole is related to H2O2 quenching that also comprised of phenol compounds and 
PODs (Zipor and Oren 2013).

The detailed mechanism of H2O2 regulation in fully green (chloroplast) and 
white tissues regarding photosynthetic activity-dependent regeneration of ROS has 
not been elucidated. Recently, Vidović et al. (2016) exposed the P. zonale with var-
iegated leaves to high intensity PAR (>1000 μmol m−2 s−1) and found that antioxi-
dant pool in photosynthetic cells contains CAT, tAPX, and AA, while 
non-photosynthetic cells contain MnSOD, Cu/ZnSOD, GSH, and ascorbate–gluta-
thione cycle enzymes. Sudden high light exposures to plants caused distinguish 
responses in those two cell types such as about 2.5-fold AA level increased in green 
sectors after 1 h exposure, while soluble cytosolic APX activity increased in white 
sectors of the same leaves. This was closely associated with 2.6-fold higher level of 
cytoplasmic AA of white sectors compared to green sectors. During certain treat-
ments to induce more pro-oxidative conditions, AA level and activities of DHAR 
and MDAR were increased in non-photosynthetic cells. These results can be inter-
preted as high redox state level is maintained by effective recycling of AA (enhanced 
DHAR, APX, and GR enzymes activities and unchanged AA content) and not AA 
biosynthesis which is potentially adopted in photosynthetic cells. Such tissue- 
specific physiological adaptation for maintenance of AA redox status is ascribed to 
non-photosynthetic tissues dependency on AA precursors (Smirnoff 2011). The 
molecular mechanism of AA regulation and other enzymes of network coupled to 
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the AA–GSH cycle in morphologically varied tissues of variegated leaves needs to 
be investigated further in the future.

17  Ascorbic Acid and Increased Ozone Stress

The increased concentration of ozone (O3) is considered detrimental for the photo-
synthesis of crop plants. The O3 enters through stomatal openings and reacts with 
symplastic and apoplastic cell components. The increased O3 levels lead to overpro-
duction of ROS. The higher levels of atmospheric O3 decrease photosynthesis, ulti-
mately leading to reduced overall yield of the crops (Long and Naidu 2002; 
Kobayakawa and Imai 2017). It has been observed that increased O3 exposure badly 
influences guard cells and inhibits K+ channel activity of plasma membranes 
(Torsethaugen et al. 1999). So, it is imperative to develop eco-friendly alternatives 
to reduce O3-induced damages in the crop plants by using natural protective chemi-
cals such as AA. Apoplastic AA is considered the first defense line against detri-
mental pollutants (Barnes et  al. 2002). The increased apoplastic AA protects the 
plants by scavenging ROS. It was observed that the reduced apoplastic AA concen-
tration significantly increased injury to foliage of tobacco in response to chronic O3 
exposure (Sanmartin et  al. 2003). Besides endogenous increased apoplastic AA 
concentrations, exogenous priming or pretreatments are also considered potentially 
beneficial. The effect of AA pretreatment on O3-induced photosynthesis was inves-
tigated on paddy rice under solution culture conditions. The increased concentration 
of O3 resulted in photosynthesis inhibition and reduced AA levels in rice (Table 1). 
On the contrary, AA pretreatment led to increased endogenous AA concentration 
but did not efficiently ameliorated O3-induced photosynthesis inhibition in paddy 
rice (Kobayakawa and Imai 2017).

18  Conclusion

In conclusion, biosynthesis of AA takes place via D-mannose/L-galactose pathways 
which has been known as an imperative ascorbate source in the higher plants. AA is 
considered imperative for various important physiological aspects of growth and 
development including cell division, root growth, cell proliferation, seed germina-
tion, shoot development, and stomatal movement of plants in combination with 
other hormones such as GA, ethylene, and ABA. It plays the leading function of the 
activities of ROS scavenging at cellular levels. Moreover, AA also affects numerous 
abiotic stress-related and/or stress-responsive activities of enzymes through the syn-
ergistic ways with certain important antioxidant compounds including α-tocopherol 
and glutathione that eventually work in the very co-coordinative manner to alleviate 
oxidative damages to plant cells under abiotic stress conditions. The role of AA has 
also been recognized in the process of photosynthesis as it works as an alternative 
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donor of electrons to PS-II under abiotic stresses and works for the protection of the 
apparatus of photosynthetic pigments located in the chloroplast by reducing the 
levels of ROS production. Application of AA through priming or pretreatments has 
been found effective to alleviate various abiotic stresses by scavenging different 
ROS, protecting photosynthetic apparatus, and increasing biomass accumulation of 
the treated crop plants under a wide variety of environmental conditions. In addi-
tion, various AA biosynthesizing pathways of the important transgenes have been 
incorporated in the plants of interest by using tools of genetic engineering to enhance 
the endogenous production levels of AA. Therefore, plants of transgenic origin pro-
vided with higher levels of endogenous AA resulted in the enhanced tolerance of 
abiotic stresses including high/low temperature, high light conditions, drought, 
hypoxia, ozone, salinity, chilling, heat, heavy metals, and UV radiations. However, 
it is needed to thoroughly study the role of AA in signal transduction cascades, sto-
matal movements, and upregulation of the defensive enzyme-related genes in the 
future. Moreover, study of proteomic changes in the AA primed and/or pretreated 
plants under various abiotic conditions is also suggested.
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Abstract We laid down this experiment with two objectives. First to evaluate the 
germination and early seedling growth behaviour of rice seeds primed with water 
(hydroprimed or HP) and primed with zinc (Zn) using zinc sulphate under arsenic 
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free (As-) and As spiked (As+) condition. Whereas, our second intention was to 
asses whether seed priming with Zn in rice can ameliorate As induced phytotoxicity 
or not. Here in this experiment, total six priming treatments (0.0, HP, 0.5,1.0,1.5 and 
2.0 % Zn priming) and three stress regimes {0.0, 8.0 (As3+) and 8.0 (As5+) mg L−1} 
were considered and arranged these treatment combinations in complete random-
ized design (CRD) in 90.0 mm glass petriplates. Results from the current investiga-
tion suggest that priming rice seeds with Zn significantly (at p ≤ 0.0001) improves 
germination and seedling growth and minimize the stress-induced biochemical 
markers under normal condition than those primed with water and unprimed seeds 
at 10 days after sowing (DAS). Whereas, under As stress germination and seedling 
growth were inhibited in a noteworthy fashion, irrespective of seed priming treat-
ments. Among the stressor As3+ seems to be more phytotoxic than As5+ on germina-
tion and seedling. Seeds which were primed had greater germination and longer 
root and shoot growth when compared with the seedlings of hydroprimed and 
unprimed seeds. Our findings also indicate that, may be due to a significant interac-
tive aspect (at p ≤ 0.001) among Zn and As (Zn × As), Zn primed seedlings accumu-
lated lesser amount of As at 10 DAS than the unprimed and hydroprimed seedlings, 
irrespective of nature of stress.

Keywords Seed priming · Rice · Zinc · Arsenic · Interaction

1  Introduction

More than 30% of soils are deficient in phyto-available Zn around the globe 
(Alloway 2008). Among the field crops, cereals are considered more prone to Zn 
deficiency resulting in considerable decrease in grain yield as well as nutritional 
quality (Cakmak et al. 1999). Moreover, in rice agroecosystem Zn deficiency may 
reach up to 50% (Fageria et al. 2002; Quijano-Guerta et al. 2002). In Asia, Zn defi-
ciency has been regarded as one of the most important nutritional stress factors for 
irrigated rice agroecosystem (Quijano-Guerta et al. 2002). In the soil, Zn generally 
exists in varied number of forms, differs in solubility and chemistry such as soluble 
(water-soluble form as solutions), co-exists along with organic matter or associated 
with other minerals, is an integral part of primary minerals, etc. Whereas among the 
various forms, the water-soluble form is accessed by plants for uptake (Marschner 
1995; Shuman 1991; Almendros et al. 2008), which in turn depends on other factors 
like acidity or alkalinity of soil, organic carbon and redox potential (Alloway 2009). 
Rice is generally transplanted and cultivated in submerged paddy field environ-
ments. In the paddy fields, various levels of biological as well as physicochemical 
alternations take place on continuous basis under waterlogged condition that ulti-
mately emerges to be an important factor in maintaining sustainability of rice pro-
duction (De Datta 1981). Findings of Forno et al. (1975) and Mikkelsen and Kuo 
(1976) suggest that a reduction in Zn content in soil solution is associated soon after 
flooding of paddy fields but at the same time an effort to restore by 0.3–0.5 μM 
(micro molar) has also been observed. Few other factors associated with paddy field 
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soil such as zinc carbonate (found mostly in calcareous soil) tendency of Zn to pre-
cipitate as zinc oxide are also found to govern phyto-availability of Zn. Besides 
these, formation of franklinite (an insoluble form of zinc, iron, and oxygen) along 
with zinc sulphide (in acidic soil mostly) may attribute behind depletion of Zn con-
tent in paddy field soil (Sajwan and Lindsay 1986; Kittrick 1976; Bostick et  al. 
2001). Authors like Johnson-Beebout et al. (2009) and Beebout et al. (2011) found 
that redox potential and sulphur content are also responsible for low phytoavailabil-
ity of Zn and further added that with lowering in redox potential, precipitation of Zn 
increases and subsequently cuts down in phytoavailable Zn concentration.

Besides deficiency of essential minerals, presence of toxicant(s) like arsenic (As) 
is also a crucial factor or threat to rice agroecosystem. Earth crust is considered as 
the major source of As in the environment, with the presence of ≥200 As-bearing 
minerals (arsenopyrite being the major source). According to the observation made 
by Nriagu and Pacyna (1988) based on a decade-long study, it was found that 
anthropogenic activity has contributed as much as 52,000–112,000 tons of As on a 
yearly basis in soil environment. Authors like Cozzolino et al. (2010), Mondal et al. 
(2006) and Verbruggen et al. (2009) reported that besides geogenic activities, appli-
cation of various agents such as phosphate fertilizers, herbicides and insecticides in 
agricultural sector as well as wastes from semiconductor industry are the major 
sources of As in environment. But most prevalent and adverse consequences of As 
contamination can be seen in the arsenic “hotspot area” where As-rich (leaching As 
naturally into the ground water) ground water has been used to irrigate paddy fields 
and drinking, from countless past (Santra et al. 2013; Kim et al. 2009).

Previous findings suggest that supplementation of mineral nutrients though foliar 
and soil application could have been an effective way to reduce heavy metal and / 
metalloid phytoavailability and their uptake as well as toxicity (Naeem et al. 2015; 
Saifullah et al. 2014, 2016). Earlier observations made by authors like Bakhat et al. 
(2017) and Islam et al. (2016) have also explained various strategies to decrease 
As-induced toxicity and subsequent accumulation in rice. Keeping in mind the 
above possibilities we laid down the current experiment to investigate the potential 
of supplementing rice seeds with Zn (by using seed priming technology) on germi-
nation and early seedling growth under arsenic stress condition.

2  Materials and Methods

2.1  Rice Variety and Seed Priming Treatments

In the current experiment, MTU-7029 rice variety was chosen. This variety is popu-
larly known as Swarna, having dark brown seed coat colour with short and bold 
grain morphology. The seeds of Swarna had initial moisture content (on dry weight 
basis) of 10.1%, and length to width ratio was 2.62 ± 0.03. We collected this variety 
from Regional Rice Research Station located in Hooghly district of West Bengal, 
India. Seeds are first surface sterilized with 0.1% HgCl2 solution and divided into 
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six parts followed by priming with solution containing 0.5%, 1.0%, 1.5% and 2.0% 
Zn as ZnSO4.7H2O salt in weight by volume ratio. During the course of priming 
treatment, a portion of seed was also primed with double distilled water and desig-
nated as hydroprimed (HP), and remaining one portion was kept as control (Moulick 
et al. 2016a, 2017).

2.2  Experimental Layout

We conducted the entire experiment under laboratory condition in 90.0 mm glass 
petriplates (Borosil). First the seeds from each treatment were placed in glass petri-
plates lined with cotton and filter paper. These seeds are either treated with double 
distilled water or equal amount of, that is, 8.0 mg L−1 of As5+ (sodium arsenate; 
having molecular weight (MW)—312.01, purchased from MERCK) and As3+ 
(sodium arsenite salt; with MW—130, also purchased from MERCK) and covered 
with another filter paper. Then these petriplates were kept inside an incubator at 
25 ± 0.8 °C in the absence of light for 10 days. In this experiment 6 priming treat-
ment and 3 stress regimes were arranged in accordance with complete randomized 
design (CRD) replicated five times in 90 different petriplates (Moulick et al. 2016a).

2.3  Determination of Morphometric and Biochemical 
Attributes

At 10 DAS (days after sowing) seeds were regarded as germinated, only when they 
have radical length ≥ 2.0 mm, and their respective attributes like root and shoot 
length and dry weights were noted down by previously established protocol 
(Moulick et al. 2016a). The estimation of lipid peroxidation as MDA content using 
thiobarbituric acid reactive substances (TBARS) and proline content was carried 
out according to the method described by Heath and Packer (1968) and Bates et al. 
(1973), respectively.

2.4  Quantification of Total Arsenic Content in Intact Rice 
Seedlings and Quality Assurance of Process

Oven-dried intact rice seedlings (0.5 g) were grinded into fine powder form then 
were acid digested using a tri-acid mixture having perchloric acid (70%), concen-
trate nitric acid and sulphuric acid (all ACS grade MERCK), according to the 
method described by Das et al. (2004). Before the acid digestion process all the 
glassware and stainless steel instruments were dipped in 2 M chromic acid (freshly 
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prepared) solution and washed adequately and oven dried. During the course of acid 
digestion, pure reagent blank (only the tri-acid mixture without sample) and SRM 
or Standard Reference Material [rice flour (Item No. 1568A), obtained from 
National Institute of Science and Technology (NIST), USA] were also digested. 
Total As content of intact rice seedlings was then analyzed by following the meth-
odology given by Welsch et al. (1990) using FI-HG-AAS or flow injection hydride 
generation atomic absorption spectrometer (Perkin Elmer A Analyst 400). The cer-
tified value of SRM was 0.29 ± 0.03, and our observed value was 0.282 ± 0.011, 
respectively.

2.5  Statistical Analysis

Here we expressed all the data as a mean value of five replications (n = 5). By using 
the statistical analysis software (SAS Windows Version 9.4) and using two-way 
analyses of variance (TWO-WAY ANOVA) and adopting GLM or general linear 
model procedure, the effects of various priming treatments and As stress (alone or 
in combinations) were separated. Further the means of treatments (alone or in com-
binations) were separated with the help of Tukey’s Honest Significant Difference 
(HSD) test at a 5%.

3  Results

3.1  Consequences of Priming Rice Seeds with Zn 
and As Stress on Seed Germination and Seedling Growth

During germination, As stress (irrespective of nature, i.e. As3+/As5+) was found to 
inhibit the seed germination of the tested variety in a significant manner when com-
pared with the control (Table  1). Among the two different forms of stressor (s) 
considered here, 8.0 mg As L−1 (As3+) seems to be more inhibitory than 8.0 mg As 
L−1 (As5+) at 10 DAS. When the primed seeds of the tested rice variety germinated 
under similar As stress regimes were compared with the unprimed seeds, a notewor-
thy (significant at ≤0.05 level) enhancement in FGP, i.e. restoration in germina-
tion%, can be seen (Table 1). When the priming treatments were further compared 
among themselves, the hydroprimed seeds though had a marginal edge than that of 
unprimed seeds under both the stress regimes, but those that were primed with Zn 
had a significant effect. Among the different doses of Zn that were considered here, 
those seeds primed with 1.0% Zn had significantly greater FGP under As stress than 
the remaining priming treatments. Furthermore, another important aspect was also 
emerging out from the current experiment, which the primed seeds had significantly 
(at ≤0.0001 level) greater score (FGP) over the unprimed seeds when germinated 
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alike the control, i.e. in As-free environment. Besides these, when the germination 
pattern was carefully observed, it suggests that irrespective of As stress there is a 
decline in germination% that can also be seen beyond 1.5% priming with Zn.

Results from the present investigation also indicate that seedlings primed with 
water (HP) and different doses of Zn and grown similar to the control had relatively 
larger root and shoot length (significant at p  ≤  0.0001 level) than the control 
(unprimed seed). Our findings point out towards a positive impact of seed priming 
with Zn as growth-promoting agent (Table 1). Whereas a noteworthy reduction in 
root and shoot growth can also be seen among the seedlings under As stress. At 10 
DAS unprimed seedlings having 1.93 cm long root and 0.93 cm long shoot under 
As3+ stress along with 2.57 cm root and 1.2 cm shoot can be seen in case of As5+ 
stress, when compared to the seedlings having 6.07 cm long root and 2.67 cm long 
shoot of the control. The inhibitory effects of As (irrespective of species) were more 

Table 1 Effects of various seed priming and As stress on seed germination and seedling growth of 
rice genotype at 10 DAS

Seed priming 
treatments

As (stress) 
mg L−1

Final germination 
(%)

Root length 
(cm)

Shoot length 
(cm)

Dry weight 
(g)

0 0 (1)94.44 ab 6.07 d 2.63 b 0.13 a
0 8.0 As3+ 26.66 e 1.93 i 0.93 d 0.075 a
0 8.0 As 5+ 52.22 c-e 2.57 g-i 1.2 cd 0.084 a
HP 0 68.89 a-d 6.57 cd 3.27 ab 0.14 a
HP 8.0 As3+ 38.89 de 2.1 hi 1.23 cd 0.090 a
HP 8.0 As 5+ 55.55 b-e 2.73 gh 1.43 cd 0.101 a
0.5% Zn 0 100 a 6.9 bc 3.53 a 0.16 a
0.5% Zn 8.0 As3+ 51.11 c-e 3.17 fg 1.43 cd 0.112 a
0.5% Zn 8.0 As 5+ 65.55 a-e 3.6 ef 1.53 cd 0.112 a
1.0% Zn 0 100 a 7.43 b 3.27 ab 0.172 a
1.0% Zn 8.0 As3+ 64.44 a-e 3.5 ef 1.57 cd 0.097 a
1.0% Zn 8.0 As 5+ 64.44 a-e 4.1 e 1.73 c 0.112 a
1.5% Zn 0 93.33 ab 8.27 a 3.87 a 0.164 a
1.5% Zn 8.0 As3+ 51.11 c-e 4.13 e 1.83 c 0.112 a
1.5% Zn 8.0 As 5+ 65.55 a-e 4.13 e 1.73 c 0.127 a
2.0% Zn 0 82.22 a-c 6.23 cd 2.73 b 0.118 a
2.0% Zn 8.0 As3+ 34.44 de 2.4 hi 0.93 d 0.112 a
2.0% Zn 8.0 As 5+ 38.89 de 2.6 g-i 1.03 d 0.082 a
Sources of Variation P-Values
Zn ≤0.0001 ≤0.0001 ≤0.0001 Ns

As ≤0.0001 ≤0.0001 ≤0.0001 Ns

Zn × AS ≤0.05 ≤0.05 Ns Ns
(1)Values referring to the mean value (n = 5) followed by the identical letter case(s) in a column 
were not significantly different at P < 0.05
HP hydro-primed, DAS days after sowing
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pronounced in root elongation process (62.93%) than in shoot growth (59.51%). 
The results also revealed that among the two As species considered here, As3+ stress 
had 24.90% and 22.5% greater phytotoxic effects on root and shoot elongation com-
pared to the As5+ stress at 10 DAS in the tested variety. Besides these, substantial 
interactive effects among Zn and As on the root and shoot length of rice seedlings 
were also visible (Table 1). Seedlings of rice seeds when primed with 1.5% mg Zn 
L−1 had longer root (by 1.85 times) and shoot length (by 1.71 fold) than the seed-
lings of unprimed seeds grown under similar As-stressed condition at 10 DAS.

When the seedlings were further compared for dry weight or biomass accumula-
tion, three different scenarios can be seen. First a noteworthy reduction in dry 
weight content in intact seedlings of unprimed seeds grown in As stress condition 
can be seen. When compared with the dry weight of intact seedlings of unprimed 
seeds without As stress, i.e. control a 42.30 and 35.39% reduction in dry weight can 
be seen in case of the seedlings grown in As3+ and As5+ stresses, respectively. The 
results also show that As3+ stress was 16.37% more phytotoxic than As5+ in terms of 
biomass accumulation. In the second case, there is a sharp enhancement in biomass 
of seedlings of primed seeds grown alike the control in As-free environment at 10 
DAS. A 0.91 to 1.32% increase in biomass accumulation of primed seedlings can be 
detected, compared to the control. In the third case, an enhancement in biomass of 
intact seedlings of primed seedlings can be seen in the seedlings of primed seedlings 
grown in As stress (irrespective of nature) than the unprimed seedlings (Table 1).

3.2  Effect of Zn Supplementation Through Seed Priming 
and As Stress on MDA and Proline Contents

The presence of As (as As3+/As5+) to unprimed seeds enhanced the total MDA con-
tent by 1.64 times compared to the control at 10 DAS (Table 2). On the other hand, 
the supplementation of Zn has decreased the MDA content of intact rice seedlings 
by 15.56% as compared to the control, grown alike in As-free medium in a signifi-
cant manner (at p ≤ 0.0001 level). Besides these, a noteworthy difference among the 
Zn doses on MDA content was observed at 10 DAS. However, a significant interac-
tive aspect among Zn and As (Zn × As) was also observed among the seedlings of 
Zn primed seeds grown in As stressed condition.

Similar to the above situation an enhancement (by 1.71 time) in proline content 
in the seedlings of unprimed seeds exposed to As stress was also visible, when com-
pared with the control. When proline content of unprimed seedlings experienced As 
stress was compared with the control (no as stress), a twofold greater proline con-
tent was noted. Furthermore, the results also suggest that priming rice seeds prior to 
sow with Zn and double distilled water (HP) significantly reduce proline content by 
1.21 and 1.13 times in case exposed to As3+ and As5+ stress, respectively, than the 
proline content of seedlings of unprimed seeds exposed to similar As stress at 10 
DAS (Table 2).
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3.3  Effect of Priming with Zn and As Stress on Total Arsenic 
Accumulation

Seedlings grown under As3+ stress had 13.81% greater As content than the seedlings 
grown under As5+ stress at 10 DAS. Priming rice seeds with Zn effectively decreased 
the As concentration by 1.13-fold (in case of As3+ stress) and 1.19 times (in case of 
As5+ stress) in seedlings, than the unprimed seedlings exposed to identical As stress 
regimes. It is evident from the findings that seed priming with 0.5 to 1.5 mg Zn L−1 
(though are not statistically different) were effective in minimizing the As content 
in rice seedlings. A noteworthy interactive effect among Zn and As on As build-up 
(p < 0.001) in rice seedlings can be seen (Table 2).

Table 2 Effects of various seed priming and As stress on selected biochemical attributes and As 
content of rice seedling at 10 DAS

Seed priming 
treatments

As (stress) 
mg L−1

MDA (nmol/g 
FW)

Proline (m mole/g 
FW)

tAS 
(mgKg−1DW)

0 0 36.75 i 0.54 fg 0 f
0 8.0 As3+ 62.58 a 0.91 a 5.14 a
0 8.0 As 5+ 57.6 b 0.80 bc 4.43 b-d
HP 0 33.66 jk 0.45 hi 0 f
HP 8.0 As3+ 53.16 c 0.82 a-c 4.89 ab
HP 8.0 As 5+ 48.13 ef 0.72 c-e 4.23 cd
0.5% Zn 0 29.47 lm 0.42 hi 0 f
0.5% Zn 8.0 As3+ 50.8 d 0.69 de 4.61 a-c
0.5% Zn 8.0 As 5+ 42.8 7 g 0.63 ef 3.9 de
1.0% Zn 0 27.43 m 0.38 i 0 f
1.0% Zn 8.0 As3+ 46.5 f 0.67 e 4.74 a-c
1.0% Zn 8.0 As 5+ 39.4 h 0.66 e 3.54 e
1.5% Zn 0 31.37 kl 0.52 fg 0 f
1.5% Zn 8.0 As3+ 54.5 c 0.78 b-d 4.27 b-d
1.5% Zn 8.0 As 5+ 46.2 f 0.78 b-d 3.83 de
2.0% Zn 0 33.23 j 0.53 fg 0 f
2.0% Zn 8.0 As3+ 54.57 c 0.84 ab 4.72 a-c
2.0% Zn 8.0 As 5+ 50.13 de 0.78 b-d 3.95 de
Sources of variation P-values
Zn ≤0.0001 ≤0.0001 ≤0.0001

As ≤0.0001 ≤0.0001 ≤0.0001

Zn × AS ≤0.0001 ≤0.05 ≤0.001
(1)Values referring to the mean value (n = 5) followed by the identical letter case(s) in a column 
were not significantly different at P < 0.05
HP hydro-primed, DAS days after sowing
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4  Discussion

Rice plant (Oryza sativa. L) has been regarded as one of the most efficient As accumu-
lators. It is an established fact that rice plants have capability to accumulate As mainly 
in root from paddy field soil and then translocate it into its shoot (aerial part). Arsenic 
content in rice grain after maturation is determined by the capability of rice plants to 
assimilate As into root from contaminated field (irrigated with As contaminated 
ground water), followed by its (rice plant) ability to translocate. According to the opin-
ion of Chen et al. (2016), Dai et al. (2016) and Sahoo and Kim (2013), the whole 
process of As accumulation and translocation has been influenced by a large number 
of soil physicochemical para meters such as pH, conductivity (EC), texture, etc. From 
countless past, rice seedlings are uprooted (from seed bed) by the farmers and then 
manually transplanted into puddled submerged soil (with 3–4 cm of stagnant water) 
under anaerobic condition. Such anaerobic environment favours the conversion of 
As5+ to As3+ (Ghosh et al. 2016; Takahashi et al. 2004) or by simply broadcasting the 
seeds to the field itself (known as direct seeding). Once the seeds or seedlings come in 
contact with As, ROS or reactive oxygen species generation amplifies within the cell 
and in general stimulates the lipid peroxidation process, which may finally result to 
cell death (Farooq et al. 2016a, b). Various other phytotoxic effects of As in rice plant 
have been documented so far. Among the noteworthy adverse consequences of As 
stress on rice plant such as inhibition of germination process, seedling development 
(Moulick et al. 2018c; Moulick et al. 2017; Moulick et al. 2016a; Shri et al. 2009) to 
marked reduction in chlorophyll content, tiller number, decrease in flag leaf area have 
been reported. In addition to considerable reduction in test weight, biomass as well as 
grain quality traits etc. have been documented by authors from time to time (Moulick 
et al. 2018a, b, d; Moulick et al. 2016b).

Findings from our current investigation support the previous findings regarding 
marked reduction in germination and early seedling growth reported by Moulick 
et al. (2016a, 2017, 2018c). There is no doubt that the presence of As can signifi-
cantly inhibit germination and seedling growth process in both soil-less and soil- 
based media. The inhibition of germination may have attributed to the susceptibility 
of seeds (irrespective of priming treatment) to As stress. Germination is the crucial 
stage of plant’s life cycle where for the first time it comes in contact with the envi-
ronment. Whereas, Zn is considered as an essential element for plant growth. Though 
its (Zn) synergistic and/or antagonistic aspect with As has not been addressed in 
detail so far. The present study was laid down to explore the effects of Zn supple-
mentation (using seed priming technique) in rice seed of Swarna variety on germi-
nation and seedlings growth under As stress {as As3+(dominant in pre monsoon 
season) and As5+ stress (dominant in monsoon season)} of equal strength (Table 1).

The current study revealed that when Zn is added (fortified) in seeds of the tested 
variety, by seed priming technology, and permitted to germinate under normal condi-
tion (absence of As stress), the seeds had longer root and shoot length and greater 
seedling biomass accumulation, demonstrating the growth promoting aspect of Zn. 
The findings from the current experiment also show that supplementation of Zn 
through seed priming can detoxify As-induced toxicity and promote seed germination 
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and elongation of root and shoot length and facilitate greater seedling biomass of rice, 
when compared with the seedlings of unprimed seeds. However, this improvement 
process might be dependent on the dosages of Zn and forms of inorganic As species 
(As3+ / As5+). Furthermore, seed priming with Zn (with 1.0 and 1.5%) seems to be 
more beneficial for seed germination and seedling growth. Results also reveal that the 
As3+ stress is more phytotoxic on seed germination and seedlings growth of rice, than 
that of As5+ species. The augmentation of seed germination and seedlings growth by 
Zn seed priming was higher in As5+ stress, compared to the As3+ stress. The results 
above matched well with our previous observation (Moulick et al. 2016a, b), which 
describes the effects of supplementing of selenium in rice on germination and seed-
ling growth under As stress (Table 2).

The MDA level is a vital stress induced biomarker represents significant cellular 
injury due to inadequate ability to quench the excess ROS production. The addition 
of As promotes the MDA production in 10-day-old rice seedlings. From the results, 
it is evident that As triggered more membrane damages. Furthermore, among the 
two species considered here, the potency of inducing damage was more in As3+ than 
As5+. A decrease in MDA contents in rice seedlings (primed with Zn) when exposed 
to As stress was also found from the results; it indicates the potential of Zn as an 
effective antioxidant (Chen et al. 2009). The decrease in MDA contents may be due 
to the lessening of As-induced oxidative stress and ROS-induced damages and a 
significant interaction among Zn and As. Proline, an amino acid and a well- 
established osmoticum, is capable to protect the protein against denaturation (Kavi 
Kishor et al. 2005). The elevated content of proline is generally used as a stress- 
related biomarker for ROS-induced damage. The enhancement in proline content 
along with reduced seedling growth under As stress showed the adverse role of As 
on rice seedlings. The supplementation of Zn (before sowing, through seed priming 
technology) showed a reduction in the proline content of rice seedlings grown under 
As stress. Among the doses considered here, lower dose of Zn (0.5 and 1.0%) was 
more effective in dropping the proline content even under As stress in rice (Table 2).

The total As content was found to be much lower in Zn primed rice seedlings, 
when compared to unprimed seedlings grown under similar As stress at 10 DAS 
(Table 2). The trend of having reduction in As content by Zn primed seedlings than 
unprimed one though reported for the first time, yet our findings support partially a 
study published by Das et al. (2005) who reported the effects of supplementing Zn 
in soil on As accumulation in mature rice plant, found similar reduction in As con-
tent. But a few other literatures suggest that Zn can ameliorate cadmium-induced 
toxicity and accumulation in wheat (Naeem et al. 2015).

5  Conclusion

In our opinion, if Zn supplementation using seed priming technology (before sow-
ing) at concentration ranging from 0.5% to 1.5% can be effective in minimizing the 
adverse effects of As on seed germination and seedling growth in rice by decreasing 
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the As uptake, modulating the oxidative damage. Thus, seed priming with Zn may 
have probability to improve seedling emergence and luxurious growth of rice plant 
by diminishing the As toxicity. Whereas the present study also reveals that in the 
absence of As stress, priming rice seeds with Zn can also be beneficial, too. This is 
a laboratory-based study, and further field-based investigation should be carried out 
to elaborate the potential of seed priming with Zn, which can be assessed in a much 
better way.
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Abstract The nutrition requirement for the intensive agriculture has pressurized 
non-renewable resources and demands the shift to renewable resources, “biofertil-
izers,” being the most important in case of soil fertility. The application of such 
biofertilizers has been carried out through conventional methods, mainly seed inoc-
ulation. However, with the increasing focus on endophytic microbes due to their 
edge over rhizosphere microbes, the application methods need to be modified 
accordingly. The conventional methods usually do not offer proper conditions for 
the bacteria to enter the seed before sowing. The microbial seed priming, bioprim-
ing, potentially has been explored for possible application of desired microbes to 
the seeds and resulted positively. The biopriming with/without subsequent incuba-
tion at microbe-favorable temperatures allows sufficient time for the endophytes to 
enter and colonize the seeds which is seldom the case in other treatments. Diversity 
of biopriming methods has been employed; here, we evaluate the methods for endo-
phytes besides giving insights into possible methods which can be employed for 
successful application of endophytes to the seeds.
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1  Introduction

The food shortage, decreasing farmland, genotypic and phenotypic issues of the 
plants, and inputs-related limitations need to be resolved to feed the ever-increasing 
population. Intensive agriculture and fertilizer responsive crop varieties ask for 
huge amount of inputs especially fertilizers. Resultantly, the fertilizers like phos-
phorus and potassium being prepared from available forms have put pressure on 
nonrenewable resources, requiring sustainable solutions. Another issue related to 
chemical fertilizers is the linked problem of pollution, which encompasses runoff 
and leaching of the nutrients to the water bodies. Similarly, the use of natural gas in 
preparation of fertilizers also increases the price, thus making it difficult for the 
farming community to afford.

These issues thus bring forward the need for alternate nutrient sources like 
organic and biofertilizers. The organic fertilizers although being an economical 
choice ask for more labor and pose application difficulties, besides being bulky. 
Additionally, the problem of weed seed dissemination and other pathogen transfer 
remain major concerns, proposing the composting of such organic materials before 
application. The composting, however, causes the nutrient loss. Under such circum-
stances, biofertilizers become feasible option for their multiple roles and sustain-
ability. The biofertilizers encompassing plant growth-promoting microorganisms 
(PGPM), bacteria (PGPB), fungi (PGPF), and cyanobacteria (PGPC) have been 
applied for enhancing the plant growth through variety of methods (Mahmood and 
Kataoka 2018). Bacteria dominate the farming application, followed by mycor-
rhiza, and other fungi. Cyanobacterial application studied mainly in rice remains 
least explored (Karthikeyan et al. 2007). Bacteria mainly have been applied through 
seed inoculation, mycorrhiza and other fungi through spores, and cyanobacteria as 
the cell extracts (Shariatmadari et al. 2013). Mycorrhizal inoculum has also been 
applied involving mycorrhizal cut roots, hyphae, and spores mixed together 
(Jäderlund et al. 2008). Several other methods at different levels of use have been 
employed (Mahmood et al. 2016), bringing forward the problems in application. 
The problems as discussed in later parts include limited survival of the microbes, 
macro and micro-environmental limitations, and insufficient colonization.

Seed priming can be an attractive alternative for enhancing the seed germination, 
vigor, and seedling establishment. It offers sufficient time for the endophytes to 
enter the seeds and start the initial colonization. The possibility of occupying the 
space by desired microbes would also pose competition to the pathogens, which 
utilize the same path. The bottlenecks propose the integration of seed priming with 
the application of microbes, also at various instances termed as biopriming, for 
efficient application of endophytes. The rhizosphere microbes have been applied 
through different methods; however, the endophytes need to be incorporated through 
improved methods. This chapter will hence discuss the application methods for 
endophytes, besides brief introduction of endophytes, and the past methods.
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2  What Are Endophytes?

The microbes, which spend at least part of their life within the plant body without 
showing symptoms of disease and help the plants grow better with multitude of 
mechanisms, are termed as endophytes. The endophytes can be categorized as plant 
growth-promoting endophytic bacteria (PGPEB) and fungi (PGPEF). The endo-
phytes are ubiquitous in nature and colonize on all type of plants (Santoyo et al. 
2016). The earliest reports from the nearly 200 years ago to the last decade of the 
twentieth century (reviewed by Hardoim et al. 2015) bring forward the concept of 
interactions between plants and microbes beyond just rhizosphere. The endophytes 
help the plant grow better, like that of rhizosphere microbes, through several mecha-
nisms encompassing production and competition. The widely accepted direct mech-
anisms include release of certain hormones, fixing nitrogen, solubilizing phosphorus, 
and sequestering iron. Among the indirect mechanisms, physical and chemical 
competition with the pathogenic microbes, induced systemic resistance, 1- aminocy
clopropane- 1-carboxylate (ACC) deaminase, and siderophore production (Santoyo 
et al. 2016) can be reported.

Several genera of endophytes from diverse group of plants have been reported: 
Acetobacter from pineapple (Tapia-Hernández et al. 2000) and sugarcane (Lee et al. 
2000), Acinetobacter from sugar beet (Shi et  al. 2011) and soybean (Zhao et  al. 
2018), Agrobacterium from common bean (Chihaoui et  al. 2015), Bacillus from 
maize (Gond et al. 2015) and chickpea (Abd_Allah et al. 2018), Burkholderia from 
grapes (Compant et  al. 2005), Enterobacter from maize (Naveed et  al. 2014), 
Pantoea from Alhagi sparsifolia (Chen et  al. 2017), Pseudomonas from ginger 
(Jasim et al. 2014), and Serratia from Solanum nigrum (Khan et al. 2017) for bac-
teria, and Alternaria from Phalsa (Deshidi et  al. 2017), Aspergillus from maize 
(Potshangbam et  al. 2017), Epicoccum from Entadaabyssinica (Dzoyem et  al. 
2017), Fusarium from Nothapodytes foetida (Combès et al. 2012), Paraconiothyrium 
from Cephalotaxus harringtonia (Combès et al. 2012), Penicillium from Fagonia 
cretica (Meng et  al. 2011), Talaromyces from cotton (Yuan et  al. 2017), and 
Trichoderma from Panax notoginseng (Potshangbam et al. 2017) for fungi, quoting 
a few. The diversity of plants inhabiting endophytes and their mutual relationships 
offer insights to the vast adaptations by both.

The endophytic environment provides stability as compared to phyllosphere and 
rhizosphere, thus ensuring stress-free functionality of the microbes. The microbes 
applied to the soil by any of the methods must cope with the competition posed by 
indigenous microbial community (Mahmood et al. 2016); thus, the endophytes have 
a plus. For instance, the diversity of soil environments, being polluted with organ-
ics, or inorganics, or the hurdles of carbon to nitrogen ratios, limit the functionality 
of microbes. Simultaneous problems of desiccation and exposure to extreme cli-
matic parameters also limit the functioning and survival of microbes so the endo-
phytes become advantageous.
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3  Colonization and Host Specificity

The attraction of the endophytes toward the plant roots, same as the rhizosphere 
microbes, is facilitated by the affinity toward the root exudates (Kandel et al. 2017). 
The competition for the attachment to the root surface is thus also helped by the 
microbial exopolysaccharides (Meneses et al. 2011). Similar to plant pathogens, the 
endophytes enter the plant through germinating radicles, stomata, root cracks or 
openings, and injured plant parts (reviewed by Mahmood et al. 2016), where the 
main entry point is root zone (Ibáñez et al. 2017). The entry through aerial tissues is 
also possible; thus, the reports of endophytes have been from flower, fruits, and 
leaves, as observed in rose plant parts (El-Deeb et al. 2012). Likewise, for the endo-
phytes, the secretion of certain enzymes for cell wall modifications also helps in 
priority entry to the plants.

Once inside the plants, the endophytes move toward intercellular spaces, where 
they reside, and have been reported from the intercellular spaces of seeds, flowers, 
leaves, stem, and roots (Mattos et al. 2008). The colonization further varies within 
the plant, also depending on the role of microbes. Similarly, the colonization of the 
forming seeds by endophytes for the possibility of vertical transfer guarantees pres-
ence in the subsequent plant population (Shahzad et al. 2018).

Different factors are responsible for successful colonization by the endophytic 
community. These include the host and microbe genotype, plant part, and environ-
mental conditions (Hardoim et al. 2015). The diversity of endophytic microbes has 
brought forward different approaches, functions, and mechanisms being utilized by 
them. For example, Aspergillus oryzae besides promoting the growth of radish also 
conferred herbivore resistance (Sun et al. 2018). The dynamics suggest involvement 
of endophytes at different levels, changing the physiology of the endosphere for 
various purposes (Hardoim et al. 2015). Piriformospora indica (Serendipita indica), 
another interesting example, induces programmed cell death besides promoting the 
plant growth as observed in lettuce (Fig. 1). The cell death being usual response of 
plants to pathogens (Hoeberichts and Woltering 2003) is also triggered by the fun-
gal colonization. Qiang et al. (2012) postulate this cell death by P. indica to  facilitate 

Fig. 1 Effect of Serendipita indica inoculation on growth of lettuce with and without fertilizer 
application. The fungal application was carried out following Fig. 3
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the spore formation. The variety of endophytic functions and their adaptability to 
certain environments result into facultative colonization of the novel hosts (Gladieux 
2018; Inoue et al. 2017).

The available reports on endophyte from diverse habitats and plants propose the 
widespread relationship; however, the host specificity prevails, as observed in fungi 
in trees (Collado et al. 2000). The studies regarding specificity occurrence on level 
of the taxa remain in initial stages. The interaction is mainly influenced by the func-
tions of the microbes, plants being the employers, and playing an active role 
(Rosenblueth and Martínez-Romero 2006). With the attachment of the microbes to 
the plant surface, the host plant starts to shortlist the possible candidates, and with 
the desired purpose, certain chemicals are released for the recruitment (Ibáñez et al. 
2017). The plants release certain exudates for the recruitment of desired microbes 
(Kandel et  al. 2017), yet there is ambiguity in understanding at what level plant 
influences the microbes, which are allowed to enter the plant.

4  The Methods Used, Bottlenecks, and Prospects

The widely used inoculation method by the farming community encompasses the 
use of bacterial culture, facilitated by a carrier, mixed with the artificially made adhe-
sive seeds, and sown. Certain commercial formulations also include liquid cultures 
applied directly or with the seed or granular fertilizer. Several other methods, e.g., 
seed coating, pelleting, root dipping, direct soil application, and foliar spray, have 
also been employed, yet not utilized for commercial purposes (O’Callaghan 2016). 
Given the endophytes, seed inoculation can serve the purpose, but the engaging time, 
subsequent physical abrasion, and further competition with the surrounding microbes 
in soil limit the efficiency. The film- or slurry-based seed coating method, employed 
mainly for experimental purposes, remains uncommon among the farmers due to 
insufficient colonization time and application difficulties. Root dipping and/or seed-
ling treated with microbial suspension also faces the later handling and contamina-
tion problems; however, it can be beneficial for fruit trees when the number of plants 
is not very high per unit area. The application of seedlings in microbial suspension 
seems good option due to presence of root hair, which would offer easy entry for the 
crops grown in nursery. The pelleting and/or the direct soil application of phyto-
beneficial microbes offers the application in bulk population, yet the lack of unifor-
mity in the field and exposure to environmental adversities remain a problem. Among 
all the conventional methods, the microbes need to survive for several weeks to gain 
entry inside the plant upon the appearance of root hair. Although, the facultative 
nature of some endophytes indicates the possibility of subsequent colonization if 
they can survive in the rhizosphere, yet the ecological limitations exist.

On the other hand, the seed priming, with predetermined duration, can help the 
microbes gain entry during the imbibition. This length of priming must consider the 
soaking of the seeds until the emergence of the radicle, which besides preserving the 
delicate radicle, will also ensure a head start to the treated seeds. The seed priming 
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has been utilized for various purposes, including the osmotic adjustments, quick 
germination, and stand establishment in many crops (Yan 2015; Hussain et al. 2016; 
Moreno et al. 2018; Zhang et al. 2015), but the introduction of microbes through 
seed priming, alternatively termed as biopriming, remains primitive.

The review of application of endophytes through seed priming brings forward 
few approaches being used. The soaking of seeds, and rarely seedling, has been 
employed, where time of soaking ranges from 10 minutes to 4 hours (Table 1). Zhu 
and She (2018) also practiced the incision of the seeds prior to soaking. Such prac-
tices have been observed in terms of bacteria where the endophytic fungi have been 
applied to the plants as liquid cultures (You et al. 2012; Waqas et al. 2015).

The application of microbes to the plants through seed priming thus comes as 
attractive alternative. For bacteria, the seed priming can successfully help them gain 
entry in the seeds during the imbibition process (Fig. 2). The predetermined soaking 
durations, different for different crops, would provide sufficient time for the absorp-
tion of the suspension involving bacteria. The bulk population will also provide the 
desired microbes to overcome the pathogens already present in seeds, and with the 
growing plant parts, such microbes can get additional advantage and quick coloni-
zation. Besides, the earlier interaction with the primordial plant parts also offer 
speedy recruitment. The methods already used show colonization (Table 1); how-
ever, increasing the priming duration would offer the radicle emergence besides the 
entry of endophytes. Similarly, the broth culture at the lab scale can be converted to 
microbial suspension in water, or saline buffer to make it available commercially.

The fungal application through seed priming using liquid media/suspension is 
hindered by certain growth properties of fungus. However, seed priming using 
conidial solution has been practiced for rhizosphere fungi (Jogaiah et  al. 2013). 
Hence, the lab-scale illustration (Fig. 3) involves the agar media followed by incu-
bation or co-cultivation. For the commercial application, the fungus can be grown 
on organic material, rice bran as an example, followed by mixing the seed and incu-
bation. However, the mixture poses difficulties in planting; thus, application through 
spores and/or liquid suspension stands out. The application of endophytes is evolv-
ing, and further research for successful colonization would strengthen science as 
well as the farming community.

5  Conclusion

Application of endophytes through seed priming offers sufficient time, entry during 
the imbibition, and speedy colonization besides the established benefits of seed 
priming. The bulk entry and gaining the ground quickly as compared to subsequent 
pathogens would also limit the biotic stress to the plants besides the functional sup-
port from desired endophytes. Besides the variety of functions, the stability of endo-
phytic environment, reduced or no competition with other microbes, and closer 
interaction with the host prioritize the use of such microbes.
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Fig. 2 Schematic representation of lab-scale endophytic bacterial application through seed prim-
ing. The liquid suspension for large-scale application can include saline buffer or water. ∗The 
subsequent seed drying can be included for delayed sowings

Fig. 3 Schematic representation of lab-scale endophytic fungal application
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Abstract Microorganisms are beneficial for crop growth and productivity. These 
are the best alternatives to replace the chemical fertilizers and pesticides. 
Microorganisms are known to promote plant growth and produce resistance against 
the pathogen attached on plants. Various methods of microbial applications have 
been tested and evaluated for crops. Among them seed treatment of beneficial 
microorganism is an efficient method to incorporate microbial inocula into the soil. 
Once inoculated, the microorganisms start colonizing the roots of young seedlings. 
The roots, which are colonized by microorganisms are protected from the attack of 
many soilborne diseases and pests. These inoculants can also (1) promote plant 
growth by secretion of growth-promoting hormones, (2) make nutrients soluble and 
available for plants, (3) help plant to acquire nutrients from soil, and (4) improve 
soil physical and biochemical properties. Despite of many advantages of seed appli-
cation of  the microorganisms, there are challenges to maintain the viability of 
microorganisms on seeds throughout commercial seed treatment processes and stor-
age. Future research in this field will have great potential for ecosystem restoration 
and biodegradation. Advances in development of new inoculants that can maintain 
viability of microorganisms and seeds while in storage for extended period of time 
will be highly rewarding for plant growth and production.

Keywords Microorganism · Bacteria · Fungi · Seed inoculation · Mycorrhizae · 
Plant growth

1  Introduction

Soil is a complex and heterogeneous material, which consists of living and nonliv-
ing entities. Living things include plants, micro and macro-organisms, whereas non-
living components include soil organic matter in various forms, minerals, and soil 
fractions (sand, silt, and clay). Soil microorganisms are comprised of soil flora 
(algae, bacteria, fungi) and fauna (protozoa and nematodes). Globally, it is thought 
that microorganisms contain about 3% nitrogen (N) and 1.5% carbon (C) of total 
earth ecosystem (Wardle 1992; Chaparro et al. 2012). Although these proportions 
are small, the decomposition and respiratory activities of microorganisms are 
responsible for nutrient mineralization and release of gases in the soil atmosphere. 
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By weight, > 0.5% of soil mass is comprised of microorganisms, and about 60–80% 
of metabolism is due to microflora. In 1 gram of soil (Table 1), there are more than 
1 billion bacteria, up to 100 million actinomycetes, 1 million fungi, and nearly 
about 100 nematodes (Balasubramanian 2017). Even microbial biomass of nitrogen 
and carbon ranges from 2 g m−2, in desert grassland, to 134 g/m2 in natural grassland 
prairie (Zak et al. 1994). Bacterial numbers are greater in magnitude of orders than 
fungi and other microorganisms in the soil as illustrated in Table 1. Soil organisms 
are very essential for soil health, structure, and maintenance. They play an impor-
tant role in controlling environmental and economic issues, as they play a central 
role in nutrient recycling.

Microorganisms not only influence soil health but also improve plant growth. 
This is because they relocate and decompose organic material and protect plant 
from many diseases and pathogens. More organisms reside in topsoil layer as com-
pared to subsoil layers; however the magnitude of these microorganisms varies from 
crop to crop. Microorganisms are especially abundant near the root (Table 2) sur-
face area (termed as rhizosphere), as there are sloughed-off root cells and exudates, 
released from roots. These materials provide a readily available source of food for 
microorganisms. A portion of these microorganisms possess the ability to suppress 
the plant diseases and improve plant growth by supplying them nutrients and opti-
mum moisture (mycorrhizal fungi) (Coombs et al. 2003: Bloemberg and Lugtenberg 
2001: Robert et al. 2001).

Some endophytic microorganisms (residing in roots) offer more benefits to 
plants in terms of their colonization ability, improving microbe effectiveness 
(Iqbal et al. 2018), and this shows that there is a strong bond or relation in between 
endophytic microorganisms and plant roots. This ability of microorganisms is 
sometimes beneficial for plants, or sometimes, it causes antagonistic effects on 

Table 1 Microbial groups with representative size and numbers

Microbial group Example Size (μm) Numbers (g−1 of soil)

Virus Tobacco mosaic 0.02 × 0.3 1010–1011

Bacteria Pseudomonas 0.5 × 1.5 108–109

Actinomycetes Streptomyces 0.5 × 2.0 107–108

Fungi Mucor 8.0 105–106

Algae Chlorella 5 × 13 103–106

Protozoa Euglena 15 × 50 103–105

Nematodes Pratylenchus 1000 101–102

Source: Balasubramanian (2017)

Table 2 Quantification of microorganisms present in rhizosphere and in non-rhizosphere soil

Days after sowing Wheat rhizosphere soil Oat rhizosphere soil Non-rhizosphere soil

3 250 250 10
6 1100 240 12
10 400 300 30
16 580 398 12
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plants. However, this ability proves that microorganisms’ releases would not 
always impart desired effects (Okon and Hadar 1987).

Some microorganisms are already present in soil termed as indigenous microor-
ganism (Zahid et al. 2016), while some microorganisms are inoculant. Many differ-
ent species of microorganisms are used as inoculant, and trend will shift toward the 
inoculation of beneficial microorganisms for better plant productivity. It is esti-
mated that these inoculants would replace the pesticides and fertilizers. Globally, 
increased food production in a few decades increased the use of pesticides and fer-
tilizers, which are no longer sustainable (Oerke 2006). This leads to the develop-
ment of many synthetic chemicals on customer demands, but some of them have 
environmental concerns. However, cost of development and registration of synthetic 
pesticides is increasing, which has led to the significant reduction of new chemis-
tries (Glare et  al. 2012). Alternative solutions must be developed in such crisis, 
which will be easy to use, cost-effective, long-term sustainable, and environment- 
friendly in nature. Use of soil microorganisms is a good approach not only for plant 
health but also for use as biopesticide. They are used as liquid or dry formulations, 
applied at the time of planting of seeds or used as seed priming technique. Application 
of microorganisms at the time of planting is not feasible for large scale, as large 
amount of inoculant will be needed, which is sometimes very expensive.

Application of microbial inoculants to seeds is an efficient method for the intro-
duction of microorganisms into soil system, where it will explore and colonize the 
plant roots. This not only proves beneficial for plants but also projects on soil struc-
ture. The inoculation of beneficial microorganism is not a new idea, there is a long 
history of rhizobium bacteria that  colonize legume roots, which underpins the 
importance of legumes (Graham and Vance 2003). Despite of the long history of 
legumes being inoculated, there are a few commercially available seed microbial 
inoculants. The use of these microbial inoculants is economically feasible in mod-
ern agriculture as it replaced the use of expensive fertilizers and pesticides in some 
cases. In this chapter, the types and species of microorganisms used as inoculants, 
their carrier material, and effect on plant growth and productivity are discussed.

2  Microbial Interaction with Plants

The living portion of soil comprises of several microorganisms and roots of many 
plants, both use the organo-mineral part of soil for their growth and survival (Spence 
and Bais 2013). That part of soil where their interaction occurs is termed as rhizo-
sphere. Rhizosphere is the place from where plants get their nutrients, and there 
they excrete exudates from their roots (Zahra et al. 2015; Arshad et al. 2016). Due 
to these functions of plants, they modify soil physical and chemical properties and 
microbial populations. Microbial activities in the vicinity of root zone also affect the 
plants greatly (Vessey 2003).

Plants are constantly in interaction with these microorganisms, either beneficial 
or pathogenic (Barea 2015). Effect on plants may vary with plant species, plant- 
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microbe interaction, microbe species, soil properties, and environmental conditions. 
Plant interaction with microbes can be proved beneficial for both or negative when 
microbes compete with plants or invade in plant form completing their life cycles. 
The first step for developing any interaction is the colonization of roots by microor-
ganisms present in soil or inoculated with seeds, as described by Hiltner (1904). The 
microorganisms are  attracted to root exudates for nutrient source. Root exudates 
also develope signals, which attract microorganisms; they recognize those signals 
and start colonizing the roots. Chemotaxis is a well-known mechanism for attraction 
of microorganisms by plants. It is also believed that plant roots produce electrogenic 
ion transport mechanism, for attraction of spores and small microbes to surface of 
roots. These signals mask chemical signals during short range of attraction. Biotic 
and abiotic factors also influence microbe-plant interaction; biotic conditions include 
plant species, cultivar, developmental/growth stage, and plant health conditions. 
Abiotic conditions include temperature, nutritional status of soil and plant, moisture 
contents, season, soil structure, and geological factors. Now, we will describe about 
positive and negative interaction in between plant and microorganisms.

2.1  Negative Interaction

Soilborne microorganisms also proved to be lethal for plants, and sometimes plant 
root exudates become toxic for some soilborne pathogens/microbes (Fig. 1). Plants 
secrete phytoalexins or phenolic compounds, which inhibit the growth of patho-
gens. Rosmarinic acid (RA) and caffeic acid product proved toxic for an array of 
soilborne pathogens/microorganism, e.g., Pseudomonas aeruginosa (Bais et  al. 
2002). Lithospermum erythrorhizon roots secrete nephthoquinones, which hinders 

Fig. 1 Common negative interaction occurs in between plants and soil microorganisms
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growth of most pathogenic bacteria and fungi (Brigham et al. 1999). Other exam-
ples of phytoalexins include phenylpropanoid, indolic acid, glyceollins, ferulic acid, 
vanillic acids, trans-cinnamic acid, lubimin, aethione, sesquiterpenoid solavetivone 
and 6,7-dimethoxybenzoxazolinone (Yoneyama and Natsume 2010).

Plants also get adversely affected by soilborne pathogens. When elicitors and 
receptors of pathogen and host, respectively, recognized each other, pathogens then 
proliferate in the host body and cause disease. Pathogens secrete effective proteins 
and enzymes, which destroy cell structure, and pathogens enter in the plant system 
(Borah et al. 2018). Adam et al. (2018) found that phytopathogenic and phytoasso-
ciated fungi, belonging to ascomycetes, encode special genes, which make them 
identify their host. Pathogen may be highly selective in their host or may not be. 
Plant pathogenic fungi belong to Aspergillus, Fusarium, Verticillium, Uncinula, and 
Thielaviopsis. Bacterial species belonging to genus Agrobacterium, Burkholderia, 
Clavibacter, Erwinia, Phytoplasma, Pseudomonas, Spiroplasma, and Xanthomonas 
could cause diseases in plants (Wells and Varel 2011).

2.2  Positive Interaction

Positive interaction  is found between plant and microorganisms, in which both 
interact with each other and form mutual relationship called as symbiosis. Symbiosis 
is a Greek word, which means “living together”; it is a kind of biological interac-
tion, which occurs in between specific organisms, from which both organisms get 
benefit from this interaction (Table 3). This interaction occurs between two specific 
organisms, as interaction is compulsory for both, and occasionally they cannot sur-
vive in the absence of each other, or this is obligatory interaction. Both species take 
advantages from each other. Interaction may be highly obligate, sometimes that they 
cannot survive alone, e.g., mycorrhizal fungi and rhizobium. Plants attract microor-
ganisms by providing signals via root exudates. These exudates are composed of 
organic acids, oxygen, mucilage, and mucigels. Many examples of beneficial inter-
action exist. As plants are the only producers on earth and only source of carbon for 
microorganisms, in return, plants obtain their nutrient (required for their proper 

Table 3 Habitually occurring bacterial species colonize plant roots symbiotically

Species Host plant Species Host plant

Sinorhizobium meliloti Medicago, alfalfa, yellow 
sweet clover

Rhizobium tropici Common bean

Mesorhizobium cicero Chickpea Rhizobium 
leguminosarum

Faba bean, lentil, 
pea

Rhizobium etli Beans Bradyrhizobium 
elkanii

Soybean

Bradyrhizobium 
japonicum

Soybean Pseudomonas 
fluorescens

Chlorophytum, 
maize

Azotobacter 
chroococum

Grasses, forage crops Pseudomonas 
syringae

Maize
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functioning) from soil. These nutrients are sometimes depleted from soil or become 
deficient (N and P especially), and plants cannot uptake them; in such case, plant 
growth is reduced. Plants found their solution in such cases, in that they form asso-
ciation with microorganisms. According to Barea (2015), beneficial saprophytic 
microorganisms improve plant health by acting in following ways:

• Decomposers of organic detritus
• Plant growth promotion
• Antagonist to the pathogens

There are some main plant-microbe positive interactions explained briefly in 
Fig. 2.

3  Rhizobium

Rhizobium (bacteria) is rod-shaped gram-negative bacteria that form interaction 
with leguminous crop roots. Free living rhizobium can enter the root hairs by a 
series of infection process and root colonization. This leads to the formation of a 
tube-like infection thread that spread along the root hair, which contain a large num-
ber of rhizobia cells. Rhizobia release into the cytoplasm of root cells from the 
infection thread tip, and multiplication occurs (Somasegaran and Hoben 1994). It is 
also considered that plants other than Fabaceae can also form rhizobium associa-
tion. These bacteria form root nodules and fix atmospheric nitrogen (N2) there and 
account for more than 50% of biologically fixed nitrogen (Long 2001). However, 
rhizobium is host specific that only specific strains of rhizobia can nodulate specific 
host species (Fig. 3). For example, Sinorhizobium spp. can colonize only Medicago, 

Fig. 2 Common positive interaction occurs in between plants and soil microorganisms
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Melilotus, and Trigonella genera. Some rhizobium strain can also colonize more 
than 200 species of plants from 112 genera. For example, Parasponia andersonii 
can nodulate more than 130 plant roots (Pueppke and Broughton 1999). Plants 
strictly regulate the number of nodules because they take photosynthates from host 
plants as source of carbon. For maintaining this nodulation system, plants have an 
autoregulation mechanism of nodules (AON), which involves signal transfer from 
root to shoot and vice versa, genetically controlled, e.g., HAR1 gene in Lotus japon-
icas (Oka-Kira and Kawaguchi 2006, Ferguson et al. 2010). Roots secrete flavonoid 
molecules, which are named as Nod factors, coded by special host nodulation gene 
primarily composed from lipochito-oligosaccharides.

These signaling molecules are recognized by rhizobium and cause internaliza-
tion followed by nodulation. After the initiation of the infection, nitrogenase enzyme 
production starts. Nitrogen fixation is an energy-consuming process and requires 
high amount of oxygen, and nodules have low oxygen. Nodulated plants produce 
leghemoglobin, an oxygen carrier protein that carries oxygen toward nodules 
(Spaink 1995; Wells and Varel 2011). Rhizobium species falls in genus 
Bradyrhizobium, Azorhizobium, Mesorhizobium, and Rhizobium.

4  Plant Growth-Promoting Bacteria

Plant growth-promoting bacteria are naturally occurring bacteria, which immedi-
ately colonize the root and enhance plant growth. Bacteria are found in abundant 
quantity near the root zones. Root exudates (carbohydrates and amino acids) attract 

Fig. 3 Root nodules formed with roots of Lotus japonicus plant (©Ali and Gamper)
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plant growth-promoting bacteria (PGPB). Chemotaxis proves important for suc-
cessful and competitive interaction. The outer membrane of bacteria secretes a pro-
tein, involved in host signal detection and attachment of bacteria with root surface 
(Burdman et al. 2001). PGPB stimulate plant growth and are involved in nitrogen 
fixation. PGPB secrete plant growth hormones like cytokinins and gibberellin 
(Steenhoudt and Vanderleyden 2000). So, the inoculation of the PGPB strains at 
early stage of plant development stimulates growth of the plants.

PGPB have the ability to produce siderophores, which are low-molecular-weight 
organic compound. Production and regulation of siderophores is controlled by 
genes and some environmental factors. Genetic factors involved are Fur protein, 
e.g., GacA and GacS, and sigma factors RpoS, PvdS, and FpvI (Ravel and Cornelis 
2003). Soil environment factors include pH of soil, iron level, soil form, and also the 
availability of the nutrients especially carbon, nitrogen, and phosphorous (Duffy 
and Defago 1999). Plants inoculated with PGPB strains show 20–40%, 60–75%, 
and 40% increase in the uptake of N, P and K, respectively. Enhanced uptake of 
nutrients is due to their solubilizing power of nutrients present in soil (in various 
forms). They are of different types like P-solubilizing PGPB, K-solubilizing PGPB, 
etc. (Rafique et  al. 2018). PGPB are comprised of Azotobacter, Azospirillum, 
Bacillus, Clostridium, Pseudomonas, and Streptomyces species.

5  Mycorrhizae

Mycorrhizae are literally translated to fungus root association. It is one of the most 
important symbioses on earth. It is believed that mycorrhizae evolved 450 million 
years ago. More than 80% plants on earth can colonize with this unique fungus. The 
mycorrhizal fungi provide nutrients, like nitrogen, phosphorous, and other micronu-
trients. Due to the filamentous nature of fungi, they can exploit large volume of their 
substrate for their nutrition. It can also increase the plant tolerance level of biotic 
(pathogen and weeds) and abiotic stress (drought, salinity, nutrients, and heavy met-
als). Mycorrhiza, in return, obtains 4–20% of plant photosynthates as carbon source 
(food), whereas some plants of families bryophytes, pteridophytes, and angiosperms 
parasitize mycorrhizae and obtain their food from them. In that case, mycorrhizae 
are also associated with neighboring photosynthetic host plant (Wright et al. 1998). 
Based on its structural diversity and nature of symbiotic association, mycorrhiza is 
further divided into different categories, which are briefly summarized in Table 4.

In ectomycorrhiza fungus can penetrate intracellularly in the root cortex of 
plants. Ectomycorrhizae can colonize plants of high economic values, woody, 
perennial, temperate, cold, and forest trees (Taylor and Alexander 2005). This fun-
gus has saprotrophic mood of action and belongs to Basidiomycetes. Some common 
example of ectomycorrhiza is provided in Table 4. ECM fungi can grow in axenic 
culture in the absence of their host. They are highly competitive in acquisition of 
their food as they have dual lifestyle. They secrete a number of hydrolytic enzymes, 
which can degrade little polymers, so they can use organic substrates also. They can 
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colonize the plant roots, at the same time, as symbiotic association. ECM fungi no 
longer have the ability to degrade plants’ cell wall components, such as cellulose, 
polysaccharides, and pectin; due to this reason, ECM fungi cannot penetrate in root 
cells (Finlay 2008; Martin et al. 2008).

After establishment of symbiosis, ECM form interwoven mantle of hyphae 
around roots; this mantle is termed as hartig net. Penetration of hartig net varies in 
between angiosperm and gymnosperms (confined to epidermis and extends up to 
endodermis, respectively) (Smith and Read 2008). This sheath is involved in nutrient 
exchange and water transport. The mantle also protects plant roots from the sur-
rounding environment and creates a closed interfacial apoplast (Ashford et al. 1988; 
Bucking et al. 2002). External hyphae of fungus act as extension in root system and 
enhance absorbing area of roots. It is estimated that Pisolithus tinctorius hyphae can 
absorb 99% of pine tree nutrients. These absorbed nutrients immediately transfer 
across the membrane. Plant photosynthates transfer from source to sink; ECM act as 
a strong sink of C (sucrose), which is hydrolyzed to make glucose and fructose.

In endomycorrhizae (also known as vesicular arbuscular mycorrhiza), hyphae 
can penetrate within the root cortical cells and have intercellular growth of vesicles 
and arbuscules. It is the most occurring form of mycorrhiza and colonize 65% of all 
known plants including agricultural crops like maize, wheat, rice, and soybean and 
horticultural crops. It is further divided into arbuscular, orchidaceous, and erica-
ceous mycorrhiza.

Table 4 Mycorrhizal species that frequently colonize terrestrial plant roots

Mycorrhiza Ectomycorrhiza

Amanita muscaria, Hebeloma 
cylindrosporum, Laccaria bicolor, Paxillus 
involutus, Pisolithus tinctorius, Suillus 
bovinus, Xerocomus badius Basidiomycota
involutus, Pisolithus tinctorius, Suillus 
bovinus, Xerocomus badius Ascomycota

Arbuscular 
mycorrhiza

Glomus intraradices, G. geosporum, G. deserticola, G. 
mosseae, G. claroideum, G. etunicatum

Gigaspora albida, G. margarita, G. rosea

Paraglomus laccatum, P. occultum

Archaeospora trappei, Acaulospora laevis, Scutellospora 
calospora, Entrophospora infrequens

Ericaceous 
mycorrhiza

Ericoid mycorrhiza Cairneyella 
variabilis

Oidiodendron 
maius

Arbutoid mycorrhiza Arctostaphylos 
virgata

Monotropoid mycorrhiza Russula 
brevipes

Boletus edulis

Orchidaceous 
mycorrhiza

–
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All orchid plants need orchidaceous mycorrhiza at some point of their growth, 
mostly at their seedling stage. As orchid seeds are very small, they have not enough 
nutrients to support seedling growth. Mycorrhiza infection occurs after embryo 
stage, when seed coat ruptures. Mycorrhizal plant uptake nutrients via both path-
ways, i.e., plant pathway and mycorrhizal pathway. Nutrients or water gets absorbed 
by ERM and then transferred to hartig net or IRM, and plants get these materials 
from interfacial apoplast. Nowadays, we use seed inoculation technique for better 
growth of our seedling plants.

6  Nematode-Bacteria Interaction

Nematodes are diversified microorganisms and present in abundance in soil environ-
ment. Beneficial nematodes are used to control pest and insects, and more than 200 
families of insects are susceptible to these beneficial nematodes. Seven nematode 
families, i.e., Mermithidae, Allantonematidae, Sphaerularidae, Tetradonematidae, 
Phaenopsitylenchidae, Steinernematidae, and Heterorhabditidae, are important  
in biological point of view (Kaya and Stock 1997). Nematode-bacteria symbiosis  
is widely reported in protecting plants from many pest and insect attacks. 
Entomopathogenic nematodes carry gram-negative and non-spore-forming bacteria 
(Table  5) Xenorhabdus and Photorhabdus, which don’t have any resistant stage. 
Their life cycle is completed in two stages, i.e., (i) free stage, bacteria live within the 
nematodes, and (ii) parasitic stage, bacteria are released in the host body and repro-
duce there. Nematodes get entry in host (pest or insect) from their piercing mouth 
parts, and after getting entry into host, nematodes release juvenile bacteria. Bacteria 
degrade the body parts of the host through their enzymatic activity and provide a 
nutritive medium for growth of nematode. On the other hand, nematodes provide 
safety to these bacteria from external atmosphere and sometimes suppress the 
defense mechanism of host against bacteria (Askary 2010). Jan et al. (2008) found 
that bacterial strain Xanthomonas nematophila isolated from S. carpocapsae (nema-
tode) has the ability to suppress the growth of wax moth; the host becomes flaccid 
and dies. This mechanism is useful in controlling pest/insects of plants.

Table 5 Entomopathogenic nematodes and symbiotically interacted bacterial species

Nematodes Bacteria

Steinernema carpocapsae Xenorhabdus nematophila

S. feltiae, S. affine, S. intermedium Xenorhabdus bovienii

S. rarum Xenorhabdus szentirmaii

S. thermophilum Xenorhabdus indica

Heterorhabditis megidis Palaearctic group Photorhabdus temperata temperate

H. indica Photorhabdus luminescens akhurstii

Source: Ganguly (2006)
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7  Types of Microbial Inoculation

Land with long-term fallow period or continuously tilled usually contained less 
microorganisms especially beneficial fungus. There is a need to re-establish the 
effective microorganism population in less cost and by effective method. Methods 
for the rhizobium inoculum preparation have been widely overviewed. The most 
reliable technique to build up these microbial species is application of commercially 
available microbial inoculum directly to seed or root or indirectly in soil. Many 
inoculums have shelf life of up to 2–3 months to years. An inoculum should carry a 
range of viable cells from 10,000 to 1 million per seed; this number of viable cells 
is necessary for successful infection to the developing root of the plants. Commercial 
inoculums are available in powder, liquid, and granular forms (Armanthus et  al. 
2012). There may be two types of inoculants used:

 1. Single strain (Uni strain)
Inoculum would have only a single type of strain.

 2. Several strains (Multi strain)
This type of inoculants has more than one type of strain. Consortium of species 
is usually used because of positive microbe-microbe interaction. For example, 
bacteria enhance growth of germ tube and branches of AM fungi and promote 
mutual or symbiotic interaction (Lojan et al. 2016).

• Inoculation: Application of microorganisms to seeds (Elegba and Rennie 1984).
• Seed Priming: It is the soaking of seeds in a solution containing required agent 

for priming followed by re-drying of seed (McDonald 1999).
• Biopriming: It is the soaking of seed in microbial solution, which allows the 

microbial attachment and imbibition into the seed (Mahmood et  al. 2016; 
Abuamsha et al. 2011).

• Consortium: Two or more microbial species, living or working together symbi-
otically. First introduced by Johannes Reinke in 1872.

• Strain: Sub-type of microorganisms. This term is usually used to denote a pure 
culture (Dijkshoorn et al. 2000).

7.1  Sources of Inoculum

Rhizosphere soil of plant, hosting required microorganisms, can be used as micro-
bial inoculum for the next plant. Soil inoculum is comprised of soil, plant roots, 
spores, and indigenous microorganism. The significance of this method is that soil 
may also contain pathogens and weed seeds, which hampers plant growth. Another 
issue relating to the use of this inoculum is the quantity of soil, which will be used 
as inoculum, as quantification of soil microbes is often difficult and uncertain. So, 
the use of this source should be less preferred when other sources are available.

Viable microorganisms (spores and bacteria) can also be extracted from soil and 
known host plant; such inoculum is known as crude inoculum. It consists of infected 
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roots and viable microorganisms, which can be isolated by various methods. 
Infected roots of plants can also be used as inoculum, which is called root inoculum. 
Crude inoculum potential depends upon several factors: state of starter culture, type 
of host plant, medium, and growth environment.

Inoculum quantity is the main aspect in microbial inoculation. In case of fungal 
inoculum, generally four to eight propagules, 4000 cm of infected roots required per 
gram of inoculum. There are two methods of inoculum application, i.e., direct and 
indirect application. The following types of microbial inoculations are used.

7.2  Microbial Soil Inoculation

Soil application is preferred when indigenous microbes of antagonist species are 
present in excess to harm the plant tissue or when seed is already treated with fun-
gicides (Mahmood et al. 2016). Inoculum can also be used on the soil directly using 
drip irrigation system or spray on the soil. This type of inoculum may be in different 
types, i.e., liquid or frozen concentrates, or it may be in small granules like struc-
ture; these granules may have a small amount of marble, silica, or calcite particles, 
which are moistened with an adhesive material and mixed with peat powder (Podile 
and Kishore 2006). After drying, these granules are ready for field applications; 
mostly, broadcast method is suggested for granule application. Inoculum is also 
placed in soil below the seeds (up to 30 mm). Inoculum calculation will be based 
upon the presence of the number of viable microorganisms and spores in case of 
fungi, in 10 g inoculum. Usually 500 spores per plant are recommended in arbuscu-
lar mycorrhizal fungi (Orates and Bykova 2018). In case of nematode application, 
mix them with water and spray on ground surface, and continue mixing inoculum 
during the process to avoid sinking nematodes in bucket or drum. Its application is 
recommended only after transplanting the plant.

7.3  Microbial Seed Inoculation

Direct soil application of microbes is preferred when the conditions are favorable 
and is the most recommended method; when conditions are dry, hot, and highly 
acidic, seed coating of inoculants is restricted. This is another kind of seed priming, 
in which seeds are treated with microorganisms before planting (Fig. 4). The advan-
tage of this method is that seed will quickly colonize after germination. Direct seed 
application is recommended in the following situations:

 1. Dry, hot, and acidic conditions of soil.
 2. Weather conditions are adverse.
 3. It is essential to coat seed with chemical toxic to rhizobia.
 4. Rhizobia flora is present in soil to compete with introduced strain of bacteria.
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7.4  Root Inoculation

Plant roots may also be treated with inoculum, after establishment of plants. In this 
technique, inoculum is placed in deep soil, adjacent with growing roots. Roots 
become colonized when they encounter inoculum. This method is not recommended 
for vegetables or sensitive crops. Perennial crops such as alfalfa and grasslands 
treated with this method get benefit over several years. Much greater amount of 
inoculum is required in this method, so this method is not used commercially as it 
is a cost-expensive technique (Bashan 1998).

Survival of microorganisms on seed is influenced by temperature, pH, and seed 
coat toxicity, which is ameliorated by selection of tolerant strains (Deaker et  al. 
2004). Selection of above microbial inoculation method depends upon available 
inoculum and equipment, plant species, labor availability, cost, and soil and atmo-
spheric conditions.

7.5  Carriers for Inoculants

For successful inoculation, a cheap and effective carrier material is required. Shelf 
life of carrier containing microorganisms is an important factor in the selection of 
carrier material. Carrier should have the following properties (Somasegaran and 
Hoben 1994; Kaljeet et al. 2011):

• Nontoxic for microorganisms.
• Absorption quality should be good.
• Can be easily sterilized or autoclaved.
• Adhesion power with seed.
• Easily available.
• Cost-effective.

Fig. 4 Inoculum placed beneath the seeds of bean in soil
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Commonly used carrier materials include peat, rice husk, farmyard manure, 
clay, kaolinite, organic matter, charcoal, rock phosphate, soil-charcoal mixture, 
lignite, and bentonite (Tarley and Arruda 2004; Murray 2002). Physical and 
chemical characteristics of carrier material should be determined before use, 
e.g., water holding capacity, pH, considered nutrient concentration, and organic 
matter contents.

Peat is one of most common and generally used carriers for the inoculants, and it 
is also preferred in commercial use (Kaljeet et al. 2011). Peat is a nutritive media for 
the microorganisms, e.g., bacteria, and is essential for them during distribution time. 
Peat, which must be used in inoculation for coating of seeds, should be highly 
adsorptive, having high organic matter contents, nontoxic for microorganisms, easy 
to be sterilized, and easily available at low cost. Peat would be sterilized using auto-
claving and ultraviolet radiations before use.

8  Methods of Inoculation

There could be several methods of microbial inoculation including single-seed to 
single-microbe infectivity to a large-scale commercial microbial application. 
Inoculation can be performed by the following methods and as summarized in 
Table 6 along with the brief significance of the methods.

Table 6 Significance of different microbial inoculation methods

Inoculation methods 
significance

Slurry method
  Less costly and inoculant can cope up with fertilizers
  Cost required on labor and requires coatings (lime)
  Non-flexible seeding
  Can’t tolerate fertilizers and pesticides
Granular
  Less labor and time required
  Can tolerate fertilizers and chemicals
  Flexible seeding
  Higher cost and bulk volume
Seed priming
  Tolerates pesticide, fertilizers, and fungicides
  Flexible seeding
  High cost and most of the microbial species have low life 

span
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8.1  Slurry Method

The most common method of seed coating is slurry method. In this method, inocu-
lum is diluted in water to cover the seeds and to increase the adhesion gums, and 
sugar solution is added to it (Fig. 5). Surface sterilized the seeds by soaking them in 
5% sodium hypochlorite solution for 2 min and then in ethanol and distilled water. 
Seeds will then be dipped in suspension containing microbial cells at room tempera-
ture for 12 h. Before sowing, seeds would be properly coated with this slurry solu-
tion (Afzal et  al. 2012; Berdeni et  al. 2018). Seeds should be lime coated after 
inoculation. After inoculation seeds should be sown into a moist soil within 12 h, 
and in case of lime coating, use it within 24 h. Another technique is pouring of 
inoculum suspension after placement of seed in soil, above or below the seed or 
onto the soil surface (Afzal et al. 2012).

Seed-coated rhizobium strains are affected by the pH very badly. At low pH the 
rhizobial population decreases very rapidly. Similar effect also occurs when seeds 
are applied to the fertilizer-treated soil. If we need to inoculate this type of soil, 
seeds should be coated with peat layer having lime in it, and this lime layer will 
make pallet around the seed.

Fig. 5 Slurry inoculation method 1: Required equipment, 2: add water into peat-based inoculant, 
3: mix slurry of peat and inoculum with seeds, 4: let them dry 5: inoculated vs non-inoculated 
seeds appearance
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8.2  Granular Method

Granular material can be purchased and used as stand-alone product and inoculate 
on the sides of seed. This material can also be mixed with soil or inoculated with 
seeds, through drill box. Inoculum is mixed in calcite or silica grains along with 
adhesive material. After drying, inoculum is broadcasted over soil surface or can be 
drilled in soil easily. This enables the equal or uniform distribution of granular inoc-
ulum. Due to physical separation of inoculum and seed in this method, seeds can 
also be pretreated with pesticides or insecticides as it will not damage the inoculum 
material. Granular method is preferable where indigenous microbes are in abun-
dance. This method requires a large amount of inoculum, so it is the less frequently 
used method.

8.3  Pre-coated Seeds

Coated seeds are available in markets on which inoculum is applied before sale. 
Along with desired microbes, seeds will be treated with insecticides, pesticides, and 
fertilizers. With exception of clover, serradella and biserrula, seeds treated with this 
method have less shelf life as compared to other methods. Exception of these crops 
may be because of microbial species (used for such crops have short life span).

8.4  Freeze-Dried

A suspension is prepared by mixing inoculum powder with an effective liquid. This 
liquid will activate the microbes and a protective agent is also mixed with this sus-
pension for making possible the survival of microorganisms till sowing. For micro-
bial inoculation on seeds, this suspension can be sprayed on seeds, and then these 
seeds will be air dried. Lime coating will not be required in this method. Seeds 
should be sown within 5 h of inoculation.

9  Seed Inoculation with Microorganisms

This is a technique in which seeds will be soaked in a solution containing required 
microorganisms, which aids in germination and radical emergence (Ashraf and 
Foolad 2005). The primary objective of this treatment is to provide enough and 
effective amounts of microorganisms to rhizosphere. Seed priming shows better and 
effective results in inoculation methods. Liquid or powdered inoculum should be 
used for seed priming as powder form inoculum is used in hairy texture seed such as 
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wheat, barley, and other grasses. Adhesion of inoculum must be insured for effective 
colonization. Liquid inoculum is preferred in smooth surface seeds because of better 
adhesion ability, e.g., corn, alfalfa, and beans. A sticky material should be used with 
inoculum to keep inoculum attached with seed surface. On commercial scale, seeds 
should be treated with some cement mixer or by spraying inoculum on seeds.

9.1  Thin Coating

A single coat of dormant microbial inoculum is applied on seed along with any 
sticky material, e.g., methyl cellulose or sugar, and then the seeds will be dried. 
Carrier of the inoculant would have a neutral pH, e.g., clay, kaolinite, or montmoril-
lonite (Kosanke et al. 1992). Microbes survive for a very short duration, and tech-
nique is usually used for experimental purposes.

9.2  Slurry Coated Seeds

In this method inoculum is added to the peat solution with the addition of moisture, 
to allow the adhesion of inoculum with seeds. In this technique, inoculum will grow 
in a peat or other solid medium, and this medium will then be used as secondary 
inoculum for seed priming/inoculation along with some sticky material (Afzal et al. 
2012). For sowing of inoculated seeds in acidic soils, seeds must be coated with 
lime. After coating with peat-based inoculum, seeds are quickly mixed with pulver-
ized limestone; this step is termed as lime-pelleting.

Inoculant slurry must be prepared with some adhesive material to bind the lime 
coating with seeds, e.g., Arabic gum or synthetic gum. Gum solution for making 
slurry solution has moderate viscosity. A diagrammatic procedure of slurry inocula-
tion method is described in the above diagram.

9.3  Pelleted Seeds

In this technique, inoculum is applied on seeds along with additives. Seed is coated 
with peat-based inoculum when large quantity of microorganisms will be required. 
One-third inoculum will be applied along with gum or peat, and two-thirds inocu-
lum will be applied after application of peat-based inoculum. Pelleting technique is 
applied on seeds having an irregular surface. Pelleting makes the seed surface regu-
lar, smooth, large, and heavy. Pellet increases the size of seed up to 2–50-folds or 
more. Pelleting allows layers of inoculum at different and desired points as layers 
are coated in this technique. For instance, pesticides would be coated on the outer 
surface for seed protection, and keep these chemicals away from seed.
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For acidic soil lime (CaCO3), pelleting technique is introduced for seed micro-
bial inoculation/priming for reducing the effect of soil pH on microbe survival, e.g., 
R. leguminosarum bv. trifolii (Jensen 1943) and Sinorhizobium meliloti (Amarger 
1980) are sensitive to low pH. Loneragan et al. (1955) found that treating of pelleted 
seeds with limestone powder is effective.

9.4  Bioprimed Seeds

This method is the latest and diligent for inducing endophytic microbial effects in 
seeds. It is quite effective and provides no harm to plants. This technique provides 
seed a favorable environment for their growth with desired composition and proper-
ties of endophytic microorganisms. In this technique, the flower of a growing plant 
contacted with a source of endophytic microorganisms (e.g., be spraying). These 
microorganisms get natural entry in plant from the route of flowers and conveyed to 
new producing seeds. These seeds are then collected as bioprimed seeds of microbes. 
This technique facilitates the growth and productivity of plant, seed vigor, and bio-
mass production (Mitter et al. 2018). Microbial inoculation in flowers can also be 
fulfilled by using honeybees or other pollen-feeding insects (butterfly, wasp, and 
flies). By planting these naturally inoculated seeds, endophytic microorganisms get 
proliferated and colonize the daughter plant.

10  Microbial Inoculation and Plant Growth

Microbial inoculation to seeds delivered the microorganisms directly to soil that 
surrounds the roots of plants (rhizosphere), where plants interact directly with 
microorganisms and invertebrates affect biogeochemical cycling, plant growth, and 
abiotic and biotic stress factors (Philippot et al. 2013). Most of the beneficial micro-
organisms are found in rhizosphere, where they have different mechanisms of 
accomplishing growth of plants (Babalola 2010).

10.1  Influence on Nutrient Availability

Best known example of microbial seed inoculation is legume inoculation with rhi-
zobia, which aims to maximize the yield potential of plant by enhancing the number 
rhizobia in rhizosphere zone. Biological nitrogen fixation by rhizobia-legume sym-
biosis is vital for N-input soil agroecosystem. Bacterial species of genera 
Allorhizobium, Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium and 
Sinorhizobium form nodulation with plant roots and fix N2 in legumes. Plant growth 
enhancement related to their microbial association is due their ability to act as 
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“biofertilizer”; they play a role in nutrient availability (Vessey 2003), as it elimi-
nates the use of N-fertilizer. In case indigenous microorganisms are present in soil, 
the yield will increase up to one-third or one-half of the previous yield (Fig. 6).

Sometimes higher yield can also be expected from other species. Many EM fungi 
have the ability to mineralize and utilize amino acids and amide (glutamine, gluta-
mate, and alanine), present abundantly in soil organic matter pool. Mycorrhizal 
plant can obtain more or less 75% of their N from mycorrhizal pathway. VAM fungi 
typically increase plant nutrient uptake especially P and that of micronutrients. Li 
et al. (2006) found that sometimes, AM wheat plants obtain their 50% of P from 
mycorrhiza, whereas in tomato 100% of their P come from the mycorrhizal source. 
This shows that nutrient acquisition depends upon fungal and plant species. 
Microbial inoculation proved to be an effective replacement of chemical fertilizers. 
In a very recent study, the role of microbial inoculation on P, K, and C/N uptake by 
plant in soil has been shown (Fig. 7). Plant growth-promoting bacteria have th abil-
ity to solubilize and utilize the ferric ion through the production of low-molecular- 
weight compounds, siderophores (Whipps 2001).

10.2  Abiotic Stress Tolerance

Various adverse abiotic conditions affect plant growth negatively and contributed 
about 50% losses in agriculture. Abiotic stress conditions include drought, tempera-
ture, and heavy metal stress. These conditions affect plant physiology, morphology, 
seed physiology, and yield of plants (Chodak et al. 2015). In such worse condition, 
microbial seed inoculation benefits plant by direct and indirect mechanisms. Zolla 
et  al. (2013) manifested that microorganisms cause changes in morphology and 
physiology of plants, altering the transporter activity and composition of root 

Fig. 6 Pot screenhouse experiment in the presence (+) and absence (−) of Striga hermonthica 
(PGPR strain) in maize plant. (Source: Babalola et al. 2007)
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exudates and develop some regular mechanisms to maintain the crop productivity 
under stress. Microorganisms evolved mechanisms for their survival in such condi-
tions by modifying their structures. Irrespective of stress conditions in rhizosphere, 
they colonize roots and supply nutrients to plants. Mechanisms involved in toler-
ance include production of phytohormones (IAA, cytokinins, abscisic acid), secre-
tion of exopolysaccharides and ACC deaminase, and improvement of plant 
systematic mechanisms (Porcel et al. 2014). Microbial inoculation decreased anti-
oxidant activity and enhanced the production of amino acids, sugar, and proline in 
plant under drought stress conditions (Staudinger et al. 2016; Tiwari et al. 2016; 
Bano et  al. 2013). Under salinity stress, microorganisms produce siderophores, 
fix nitrogen, produce phytohormones and mobilize nutrients to improve the growth 
of plants and root activity (Hayat et al. 2010). Vardharajula et al. (2011) demon-
strated that microbes bind cations and make them unavailable for plant use. For 
example, seeds inoculated with PGPB strains Rhizobium and Pseudomonas show 
better growth as compared to non-inoculated seeds in saline soils.

10.3  Resist Plant from Attack of Pathogens

Seed inoculation with microorganism antagonizes the soilborne pathogens and 
insects, and it becomes a more popular and safe method than the treatment of seeds 
with fungicides and insecticides. Use of these chemical causes environmental haz-
ards, and pathogens also acquire resistance to these chemicals. More than 400 fun-
gal species can retard the attack of insects and mites on plant, e.g., Verticillium 
lecanii control aphids and Hirsutella thompsonii control mites. In Table 7, the role 

Fig. 7 Mean soil nutrient concentration (mg/100 g soil) and C/N ratio comparison of Euphorbia 
palustris, Phyteuma nigrum, and Geum rivale bacterial species response in natural and inoculated 
conditions. (Source: Michaelis and Diekmann 2018)
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of microorganisms to control plant diseases has been summarized. Application of 
beneficial microbe to rhizosphere protects the seeds from seed rot and seedling 
dumping due to soilborne pathogens such as Pythium and Rhizoctonia. It is observed 
that disease effect was reduced up to 50–70% due to biopriming of seeds (Muller 
and Berg 2008).

After successful experiments on protecting seeds from pathogens, seed coating 
technique with microorganisms is gaining attention nowadays. Bacillus subtilis 
retards crown rot of shoot disease in strawberry plants and reduces the number of 
oospores found in root (Vestberg et al. 2004). Bacillus, Trichoderma, and Glomus 
species are currently used as liquid slurry in seed treatment along with some pesti-
cides and insecticides as biocontrol agents (Tiwari et al. 2017). Another example 
describing the advantage of seed priming method is the inoculation of endophytic 
bacterium Clavibacter xyli, which is transformed to produce protein toxic for 
European corn borer. After germination of inoculated seeds, toxin will be released 
in the xylem fluid, which help in resisting plant from insect attack. Results of sev-
eral studies indicate that consortia (mixture of fungi, AM, and bacteria) application 
provides effective results and environment-friendly results for controlling pests, as 
compared to the use of single strain.

Table 7 Beneficial microorganisms used in research and commercial trails against different 
pathogens

Microorganisms Disease/pathogen Plant References

Funneliformis mosseae and 
Rhizophagus irregularis

Citrus canker Citrus Berdeni et al. 
(2018)

Bacillus tequilensis, Bacillus flexus, 
Trichoderma harzianum, and 
Glomus aggregatum

Root knot Sweet basil Tiwari 
et al. (2017)

Trichoderma harzianum Fusarium 
verticillioides

Maize Nayaka et al. 
(2010)

Pseudomonas fluorescens Downy mildew Millet Raj et al. (2004)
Pseudomonas chlororaphis Tilletia caries Wheat, barley, 

peas
BioAgri AB 
(2016)

Bacillus firmus Plant parasitic 
nematodes

Corn, cotton, 
sorghum, 
soybean

Bayer Crop 
Science (2016)

Bacterial consortia—Bacillus spp., 
Pseudomonas aeruginosa, 
Streptomyces sp.

Sunflower necrosis 
virus disease

Sunflower Srinivasan and 
Mathivanan 
(2011)

Fusarium oxysporum f. sp. strigae Root parasitic 
weed

Witch weed Elzein et al. 
(2010)

B. cepacia strain OSU-7 Fusarium dry rot Potatoes Recep et al. 
(2009)

Streptomyces spororaveus Fusarium udum Wheat Al Sahli and 
Abdulkhair (2012)
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10.4  Insect-Plant Interaction

Microorganisms seem to play an important role in insect-plant interaction such as 
host range (Chu et  al. 2013), efficiency of plant in feeding insects (Brune and 
Dietrich 2015), and symbiotic interaction of insect and microbe by altering insect 
and plant physiology (Giron et al. 2016). Microorganisms present in rhizosphere 
positively improve plant resistance to most of the herbivore insect (prevent their 
attack) and prove much better in their role as compared to genotypic resistance. 
There is no influence of genotypic traits in interaction of microbe-insect- plants. 
Hubbard et al. (2018) found that seed priming with Nitrobacter spp. improves plant 
stress to herbivores, as NO3

− availability to plants increases, and thus concentration 
of primary and secondary metabolites also relatively increases, which is involved in 
host resistance to pathogen and insect attack. All plant microbial seed inoculations 
with respect to controlling insect pest need to be understood completely.

Beneficial nematodes control over 100 families of insects. Nematodes can attack 
on soil-dwelling insects (cucumber beetle, grubs, gall midge, root weevil, beetles, 
masked chafer, flea, strawberry root and black vine weevils, chafer, squash bugs, 
termite, cutworms, white grubs, algae gnats, black fly, potato tubeworm, meal 
worm, bark beetle, corn root weevil, fire ant, sting bugs, gall gnats, gypsy moth, 
billbug, thrips, ants, and termites). Nematodes enter the larvae and spread specific 
bacteria which can degrade insect host tissues. Degraded material is further utilized 
easily by nematodes for their growth, and host insect will die soon.

11  Conclusion and Future Prospective

To address multiple challenges faced by seed, a technique is established widely 
known as seed priming with microorganisms or biopriming to improve germination 
and development. Various studies are available in the literature on the beneficial use 
of microorganisms for agricultural crops, but little attention has been paid to their 
use as seed inoculation that could help in sustainable agriculture. Another advantage 
of seed inoculation is that it provides enough quantity of microorganisms to seed 
and subsequent development. Despite their importance being well recognized, their 
role in rhizosphere community and their use in nature conservation demand more 
focus and detailed studies. Emphasis should be paid on determining better methods 
and formulations of microbial inoculation and improving application methods and 
cost of this microorganism inoculum as it is a serious hurdle. There is a need to fill 
in the gap between the knowledge of our understandings and biotechnical strategies 
to ameliorate the plant adaptation and elevate the capability of microorganisms to 
thrive in stress situations, as mechanisms of interaction in between plants and 
microbes under stress conditions are poorly understood.
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Abstract Salinity, a leading problem in agriculture, has been regarded as a major 
limiting factor in growth performance of crops with substantial yield losses. 
Although different crops respond differently to salt stress, nearly all physiological, 
biochemical, developmental, and growth processes of all crops are affected by salin-
ity to some extent. Major effects of salinity on crops include reduced uptake of 
water and nutrient, the altered rate of photosynthesis, respiration and transpiration, 
stomatal conductance, and ion toxicity, which collectively reduce their growth and 
yield potentials. The problem of salinity shows its adversities in those areas where 
evaporation rate exceed the precipitation rate. Some other factors corresponding to 
salinity emergence in agricultural lands include natural weathering, nonsystemic 
irrigation practices, and intensification of agriculture. Development of salt tolerant 
crops through applied biotechnology seems an ideal approach; however, research in 
that domain is a novice quest. One of the best sustainable approaches in salt stress 
management is the employment of pre-sowing seed priming techniques involving 
different priming agents because they do not pose any ecological or environmental 
problems. Similarly, several strains of plant growth-promoting rhizobacteria 
(PGPR) have the abilities to recover soil quality degraded by salinity and directly or 
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indirectly improve crops’ growth in a saline environment. In this chapter, we review 
the effects of salinity on major cultivated crops and the potential role of seed prim-
ing and PGPR in helping them to adjust to salinity stress.

Keywords Salinity tolerance · Electrical conductivity · Ion exchange · 
Physiological stress · Rhizosphere · Yield

1  Introduction

Cultivated crops are major drivers in agricultural outputs and meeting food require-
ments of millions of people throughout the world. Increase in crop production and 
yield is emergent because the world’s population is growing at a faster rate, which 
will require more food and hence greater production of crops. The productivity of 
agricultural crops is threatened by several biological and environmental constraints 
among which salinity remains a significant one. It is estimated that global irrigated 
land affected by salinity is about 20%, which is anticipated to elevate to 50% by the 
next three decades (Pitman and Läuchli 2002; Soda et al. 2016). Drastic effects of 
salinity on crops include poor seed germination and seedling growth or even death 
which depends on the concentration of salinity and concerned tolerance level of 
crop species. If crops survived under salinity stress, still they will show poor growth; 
abnormal physiological functions such as altered rate of photosynthesis, respiration, 
and transpiration; and reduced yields (Muhammad and Hussain 2010a, b; 
Khalilzadeh et al. 2018; Mumtaz et al. 2018).

In order to make cultivated crops adaptable to the threat of salinity, molecular 
breeding, utilization of functional genomics and metabolomics, and development of 
transgenic crops with salinity tolerance traits are widely worked on tools (Kumari 
and Parida 2018; Patel et al. 2018); however, these methods have yet not resulted in 
durable solution to ever-growing salinity problems which cultivated crops are chal-
lenged with. Moreover, high costs and technical expertise in molecular methods for 
the development of salt tolerant crop varieties are additional hurdles in achieving 
salt stress management targets. Thus easy, economical and sustainable methods are 
crucially desired to address the issue of salinity stress and make crops more adapt-
able to saline conditions.

Seed priming, which involves soaking seeds with some chemical agents before 
sowing, can work better in achieving desirable responses of cultivated crops toward 
salinity stress. Potential priming agents include water, different concentration of 
salts, polyethylene glycol (PEG), superoxides of sulfur (S) and nitrogen (N), sali-
cylic acid, proline, and several other natural metabolites (Salah et al. 2015; Savvides 
et al. 2016; Sano et al. 2017). The basic mechanism involved in priming is stimula-
tion of metabolic activities at pre-germination state. Many studies suggest a promis-
ing role of seed priming in improving crops’ response to stress conditions and better 
growth and production. In our previous work (Muhammad et al. 2015), we achieved 
improved salinity tolerance in different genotypes of wheat treated with halo- 
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priming agents. Salah et  al. (2015) have also revealed that priming with PEG 
improved growth and yield attributes of rice under zinc oxide stress. Better seedling 
growth in maize was observed in alkalinity stress when seeds were treated with 
jasmonic acid prior to germination (Mir et  al. 2018). Yang et  al. (2018) demon-
strated that seed pretreatment with different concentrations of saponin significantly 
elevated germination percentage while decreasing mean germination time of quinoa 
at 400 mM salinity stress, owing to the significance of priming techniques in plant 
stress physiology.

Some microorganisms, those present in the rhizosphere either free-living or 
associated with plants, have extraordinary potentials of stimulating plant’s growth, 
soil fertility, and protection of hosts from a wide range of biotic and abiotic stresses. 
These microorganisms are collectively termed as plant growth-promoting rhizobac-
teria (PGPR). PGPR offer excellent choice as a sustainable measure to reduce the 
drastic consequences of salinity on crops. Several studies have outlined the active 
role of rhizobacteria in mitigating the salinity stress, and consequent growth 
improvement of crops under salt stress has been well established (Mayak et  al. 
2004; Han and Lee 2005; Tank and Saraf 2010; Upadhyay et al. 2011). Nadeem 
et al. (2006) documented that inoculation of maize seedling with rhizobacteria sig-
nificantly improved the growth performance under salinity stress. Peanut exposed to 
100 mM NaCl salinity level exhibited salt tolerance and improved growth in the 
presence of PGPR Pseudomonas and Bacillus sp. (Shukla et al. 2012). Gururani 
et al. (2013) showed that different strains of Bacillus induced tolerance to potato 
against different levels of salinity and other stresses. Some strains of Bacillus were 
reported to improve growth of rice under imposed salinity stress of 200  mM 
(Nautiyal et  al. 2013). In a recent study, Chatterjee et  al. (2018) revealed that 
Brevibacterium sp. confer salinity tolerance to the rice crop. The aim of this chapter 
is to overview the role of seed priming and PGPR in salinity tolerance to crops, 
which will further strengthen our knowledge about salinity mitigation potential of 
these approaches in agriculture.

2  Salinity and Its Effect on Field Crops

Salinity is referred to a state of soil where electrical conductivity of the saturated 
paste equals or increases 4 dSm−1 (~40 mM NaCl or other salts) resulting osmotic 
disturbances and difficulty for crops to grow (Munns and Tester 2008). It is esti-
mated that salt-affected land throughout the world exceeds 800 mha which repre-
sents almost 6% of the global net arable land (Munns and Tester 2008). Causes of 
salinity are diverse, which range from natural flooding and salt accumulation to 
man-triggered irrigation of soil with substandard water and agricultural 
intensification.

Saline conditions impose several physiological, biochemical, and growth- 
inhibitory challenges upon crops. Salinity stress causes primarily excessive genera-
tion of reactive oxygen species (ROS) in addition to imparting negative influence on 
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nutrient uptake and their transport, ion toxicity, water availability in soil, and 
 damage of root hairs (Rady and Mohamed 2015; Kumari and Parida 2018). 
Reduction in transpiration rate occurs when crops get exposed to salinity, which is 
generally correlated with “ionic component” and “osmotic component” – phenom-
ena which accumulate Na+ and Cl− in tissues, whereby toxicity of ions results in 
premature senescence and anticipated yield losses (Al-Tamimi et  al. 2016). 
Increased osmotic stress and ion toxicity developed to the high level of salinity 
often cause stomata to open and close in an unpredictable manner leading to reduced 
photosynthesis and consequent growth and yield reduction of crops (Jiang et  al. 
2017). Effect of different concentrations of NaCl on growth, yield, and physiologi-
cal activities of major food crops has been presented in Table 1. Amirjani (2011) 
observed retarded shoot length, chlorophyll b, the dry biomass of plants, but signifi-
cant increase in root length of rice (Oryza sativa) at 200 mM NaCl stress. In other 
similar studies, decline in shoot growth, yield, grain weight and quality, rate of 
transpiration, nutrient uptake, photosynthetic activities, and chlorophyll pigments in 
rice crop were caused by different concentrations of salinity (Hakim et al. 2014; 
Thitisaksakul et  al. 2015; Mumtaz et  al. 2018). A dose concentration of salinity 
ranging between 2 and 108 dSm−1 significantly lowered germination, radicle and 
plumule growth, leaf area, and dry biomass, while 30–90 mM NaCl stress resulted 
in deficient grain yield, stomatal conductance, and water uptake in wheat cultivars 
(Muhammad and Hussain 2012; Muhammad et  al. 2015; Siddiqui et  al. 2017; 
Khalilzadeh et  al. 2018). In other crops such as maize, soybean, common bean, 
tomato, and cucumber, decreased growth, biomass, leaf area, and chlorophyll con-
tent and yield were documented under different salinity levels (Hamayun et  al. 
2010; Dolatabadian et  al. 2011; Babu et  al. 2012; Sali et  al. 2015; Rady and 
Mohamed 2015; Taïbi et al. 2016; Jiang et al. 2017; Luo et al. 2018; Youssef et al. 
2018). Here only results of few studies are presented. In fact, salinity adversely 
affects almost all cultivated crops with more growth and yield depression correlated 
with higher salinity concentrations.

3  Seed Priming: A Promising Approach to Salinity Tolerance 
Induction in Crops

Seed priming is an applied technique, which implicates soaking of seeds of different 
crops in different concentrations of priming agents which range from water to natu-
ral metabolites and chemicals of diverse classes. The most promising and widely 
employed priming agents are H2O (hydropriming); different concentrations of salts 
such as NaCl, MgCl2, MgSO4, etc. (halopriming); polyethylene glycol (PEG); reac-
tive oxygen species of S and N; hormones like salicylic acid, jasmonic acid, auxin, 
gibberellins, and proline; leaf extracts; and several other natural metabolites (Salah 
et al. 2015; Savvides et al. 2016; Sano et al. 2017). Seeds are soaked in priming 
agents of different concentrations for different durations. Primed seeds are dried 
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and then sown under stressed environment to evaluate the influence of priming tech-
niques on growth and yield performance of crops. Nature of the priming agents and 
soaking duration are key factors involved in salt stress induction although variation 
may be evident in different crop species in their response toward priming. Various 
researchers prefer different priming techniques such as hydropriming (use of H2O), 
halopriming (different salts at variable concentrations), osmopriming (chemicals 

Table 1 Effect of different salinity levels on growth, yield, and physiological and biochemical 
attributes of important crops

Crops
Salinity 
concentration Effects References

Rice 200 mM Decreased shoot length and dry biomass 
but increased root length, decreased 
chlorophyll b

Amirjani (2011)

Rice 4–12 dSm−1 Increased N+ accumulation, decreased 
shoot growth, dry biomass, and yield

Hakim et al. (2014)

Rice 2–4 dSm−1 Decreased seed fertility and grain weight Thitisaksakul et al. 
(2015)

Rice 150 mM Decreased growth and transpiration rate Al-Tamimi et al. 
(2016)

Rice 0.24–10.8 
dSm−1

Drastic effects on growth, yield, grain 
quality, and ionic uptake

Mumtaz et al. 
(2018)

Wheat 2–8 dSm−1 Decreased seedling growth at 8 dSm−1 Muhammad and 
Hussain (2012)

Wheat 2–8 dSm−1 Lowered germination, radicle and plumule 
length, dry biomass, and moisture content

Muhammad et al. 
(2015)

Wheat 8–108 dSm−1 Decreased growth, total dry biomass, 
yield, leaf area

Siddiqui et al. 
(2017)

Wheat 30–90 mM Decreased grain yield, stomatal 
conductance, water uptake

Khalilzadeh et al. 
(2018)

Maize 11 dSm−1 Reduced shoot length, leaf area, and 
transpiration

Hütsch et al. (2015)

Maize 50–400 mM Declined seed germination, germination 
index, and chlorophyll pigments

Sali et al. (2015)

Maize 0–100 mM Reduced shoot length and dry weight Jiang et al. (2017)
Maize 0–100 mM Declined growth rate, root-shoot length, 

fresh and dry weight
Luo et al. (2018)

Soybean 70–140 mM Reduced growth, dry weight, and 
chlorophyll contents

Hamayun et al. 
(2010)

Soybean 25–100 mM Retardation in plant height, dry weight, 
leaf number and area

Dolatabadian et al. 
(2011)

Tomato 25–200 mM Decrease bio-matter, leaf area, N+/K+ ratio Babu et al. (2012)
Common 
bean

6.23–6.28 
dSm−1

Reduction in shoot length, leaf no., dry 
weight, and moisture contents

Rady and Mohamed 
(2015)

Common 
bean

50–200 mM Reduction in growth, biomass, and 
pigments at higher salt concentration

Taïbi et al. (2016)

Cucumber 50–100 mM Drastic effects on growth, yield, leaf water 
content, and chlorophyll pigments

Youssef et al. 
(2018)
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with osmotic gradient), hormones, and other natural compounds, which correspond 
to different effects on germination, growth, and establishment of test seeds exposed 
to priming (Sano et al. 2017; Song et al. 2017).

Basic mechanism involved in priming-induced stress tolerance in crops is the 
activation of pre-germination “memory,” which involves several metabolic and 
physiological pathways ranging from hormonal communication, enzymes activi-
ties, signaling, assembly of transcription factors, synthesis of specialized proteins, 
gene expression to alterations in dormancy, and embryonic state of seeds exposed to 
priming (Bruce et al. 2007; Varier et al. 2010; Savvides et al. 2016). Kubala et al. 
(2015) stated that osmopriming induces stress tolerance in seeds by activating anti- 
oxidative system and buildup of dehydrins, which results in the awakening of 
“stress-related memory,” which seeds might experience during and after germina-
tion. Growth regulatory substances and hormones, e.g., auxins, gibberellins, abscisic 
acid, ethylene, salicylic acid, nitric oxide, and jasmonic acid, are believed to be 
correlated with signaling traits and stress tolerance responses in plants (Bruce et al. 
2007), and seed priming can alter these substances and overall signaling processes 
by adjusting crops to stressful environment. Negative influences of salinity and 
other abiotic stresses on germination, growth, and physiological functions can be 
attributed to the production of reactive oxygen species (ROS) and membranes 
abnormalities of seeds. Seed priming may impart healthy effects on growth and 
germination by regulating endogenous substances, destruction of ROS, homeostatic 
regulation, and production of stress-related transcription factors and proteins, which 
will consequently induce salinity stress tolerance in exposed plants (Savvides et al. 
2016) (Fig. 1).

4  Role of Seed Priming in Improving Salinity Tolerance 
of Major Crops

The efficiency of seed priming techniques in developing resistance to salinity and 
other stressful conditions is well established (Table 2). Pre-sowing seed treatment 
with water, osmolytes, salts, hormones, and plant extracts in different studies have 
been found effective in inducing salt tolerance to different crops (Ali et al. 2017; 
Bajwa et al. 2018; Farooq et al. 2018). In previous work, Basra et al. (2005, 2006) 
achieved promising results in inducing salinity tolerance in wheat to a high level of 
salinity (15 dSm−1) when seeds were pretreated with different priming agents. 
Studies carried out by different researchers revealed the efficacy of different prim-
ing agents at different concentrations on germination, growth potential, yield, nutri-
ent uptake, and physiological functions of wheat genotypes (Afzal et al. 2005, 2006; 
Wahid et al. 2007; Jamal et al. 2011; Jafar et al. 2012; Bajwa et al. 2018). Similarly 
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in rice, an important agricultural crop, salt tolerance has been successfully induced 
by the application of H2O, ZnSO4, CaCl2, spermidine, etc. with improved germina-
tion, growth, production, yield, and biomass under saline conditions (Afzal et al. 
2012; Chunthaburee et al. 2015; Wei et al. 2017; Bajwa et al. 2018). Priming tech-
niques have also contributed to induction of salinity resistance in maize in pot 
experiments and field trials. Seeds treated with 200 mM NaCl, KCl, and H2O for 8 h 
soaking duration improved germination, root-shoot elongation, and fresh/dry weight 
of seedling at higher salinity (Ashraf and Rauf 2001). In another study, 
Janmohammadi et al. (2008) reported that hydropriming of maize seeds for 36 h, 
while osmopriming with 1.2  MPa urea for 96  h, resulted in better germination, 
vigor, and seedling growth at the saline environment. Similar results were obtained 
in different researches when maize seeds were exposed to hydropriming, NaCl, 
thiamin, and melatonin at different concentrations and soaking duration, which 
yielded enhanced salt tolerance in maize crops and improved germination, growth, 
yield, and physicochemical activities under salty conditions (Bakht et  al. 2011; 
Kaya et al. 2015; Jiang et al. 2016).

Fig. 1 An illustration of the possible mechanism of seed priming in mitigating salinity stress in 
plants
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Table 2 Effect of different priming agents on growth, yield, and physicochemical performance of 
major crops under different salinity concentrations

Crops
Priming agent and soaking 
duration

Response of crops under saline 
environment References

Maize 0–200 mM NaCl, CaCl2, 
KCl, H2O (8 h)

Better germination, fresh and 
dry weight of radical and 
plumule at elevated salinity 
stress

Ashraf and Rauf 
(2001)

Wheat H2O; 25 mM Ca(NO3)2; 
50 mM NaCl; 100 mM 
CaCl2 (24 h for each 
priming agent)

Significantly improved 
emergence time, seedling length 
and dry weight at salt stress (15 
dSm−1)

Basra et al. 
(2005)

Wheat H2O (12 h), 50 mm NaCl2, 
50 mM CaCl2.H2O, 
0.56 MPa PEG (24 h)

Seed germination, vigor, root 
and shoot length and dry weight, 
accumulation of N+ and K+ 
improved in salinity (15 dSm−1)

Basra et al. 
(2006)

Wheat Kinetin, GA3, IAA 
(500 ppm)

Kinetin improved germination, 
mean germination time, seedling 
growth, and fresh and dry 
weight at 15 dSm−1 salinity level

Afzal et al. (2005)

Wheat 50 mM CaCl2, 50 mg L−1 
ascrobate (12 h)

Improved germination and 
seedling growth at 15 dSm−1

Afzal et al. (2006)

Wheat 1–120 μM H2O2 (5 h) Early germination, better 
photosynthesis, stomatal 
conductance, growth 150 mM

Wahid et al. 
(2007)

Maize Hydropriming (36 h); 
osmopriming with 1.2 MPa 
urea (96 h)

Better germination, vigor, 
seedling growth achieved with 
hydropriming at 21.8 dSm−1 salt 
stress

Janmohammadi 
et al. (2008)

Wheat 1–8 dSm−1 Decrease in total water uptake 
and grain yield

Gowing et al. 
(2009)

Canola 5–20 dSm−1 Decreased germination, seedling 
growth and biomass

Bybordi and 
Tabatabaei (2009)

Soybean 50–200 mM Plant height, biomass, and 
nutrients decreased significantly

Amirjani (2010)

Wheat 30 mM NaCl (12 h) Higher K/N ration, shoot dry 
weight at 120 mM

Jamal et al. 
(2011)

Maize 6–8 dSm−1 Delayed germination, growth 
and developmental aspects

Bakht et al. 
(2011)

Wheat 50 mg L−1 CaCl2, kinetin, 
salicylic acid, ascorbate 
(12 h)

Improvement in germination, 
productive and yield traits, and 
enzymatic activity at 10.65 
dSm−1

Jafar et al. (2012)

Rice 50 mM H2O2 and CaCl2 
(36 h)

Enhanced germination and 
growth parameters achieved at 
priming with CaCl2 under 
80 mM NaCl stress

Afzal et al. (2012)

Maize H2O, 100 mM 
NaCl+150 mg L−1 of 
thiamin (24 h)

Enhanced germination, growth 
and biochemical parameters at 
100 mM NaCl stress

Kaya et al. (2015)

(continued)
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Table 2 (continued)

Crops
Priming agent and soaking 
duration

Response of crops under saline 
environment References

Wheat 2–8 dSm−1 Germination and seedling 
growth linearly decreased with 
increase in NaCl concentration

Muhammad et al. 
(2015)

Rice 4 dSm−1 Reduction in grain weight and 
seed fertility

Thitisaksakul 
et al. (2015)

Mung bean 75 dSm−1 Abnormalities in growth and 
yield attributes

Sehrawat et al. 
(2015)

Maize 50–400 mM NaCl and 
CaCl2

Germination and chlorophyll 
contents reduced

Sali et al.(2015)

Rice H2O, 1 mM spermidine 
(12 h)

Improved growth and anti- 
oxidative activity at 150 mM 
NaCl stress

Chunthaburee 
et al. (2015)

Leek 7 dSm−1 Decrease in shoot length, stem 
diameter, dry biomass

Kiremit and 
Arslan (2016)

Wheat H2O, 1.5% CaCl2 (12 h) Enhanced growth, yield, and 
physiological responses at 
100 mM NaCl

Tabassum et al. 
(2017)

Maize 0.8 mM melatonin (24 h) Improvement in germination, 
growth, and physiological 
attributes at 150 mM NaCl 
stress

Jiang et al. (2016)

Rice 200 mM Shoot and root lengths, biomass, 
chlorophyll pigments, and 
proline content decreased

Jogawat et al. 
(2016)

Chickpea 40–150 mM Reduced plant height, biomass, 
pod filling, and pod abortion

Atieno et al. 
(2017)

Rice 10 μM ABA (24 h) Elevated growth performance 
under saline and alkaline soils

Wei et al. (2017)

Wheat 10–100 mM Reduction in plant height and 
yield and water contents

Tabassum et al. 
(2017)

Alfalfa 18.3–24.5 dSm−1 Reduced leaf area, stomatal 
conductance, decreased mineral 
ions in leaves

Sandhu et al.
(2017)

Faba bean 50–150 mM Reduced growth, yield, and 
chlorophyll contents

Hussein et al. 
(2017)

Wheat 0.5 mM ZnSO4 (12 h) Improvement in productivity 
and grain yield

Rehman et al. 
(2018)

Wheat H2O, 5% sorghum water 
extract, 5 mgl−1 benzyl 
aminopurine (12 h)

Enhanced growth and 
biochemical activities at 10 
dSm−1 salt stress

Bajwa et al. 
(2018)

(continued)
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5  PGPR: Induction of Salinity Tolerance in Crops 
and Governing Mechanisms

The rhizosphere provides an excellent interface to plants and millions of microor-
ganisms to interact with each other in both beneficial and harmful directions. The 
microorganism inhabiting the rhizosphere may be pathogens, neutral or beneficial 
in their actions toward interacting plants. Among beneficial ones, those bacteria, 
which have the potential to stimulate plant growth either directly or indirectly 
through several mechanisms, are known as plant growth-promoting rhizobacteria 
(PGPR) (Lugtenberg and Kamilova 2009). Plant growth-stimulating characters of 
PGPR are widely attributed to their potentials of producing plant hormones and 
volatile organic compounds, nitrogen fixation, phosphate solubilization and enhanc-
ing nutrient acquisition, and suppression of diseases and stressful environment, to 
which plants are exposed (Lugtenberg and Kamilova 2009; Vacheron et al. 2013). 
The PGPR may be free-living or symbionts and comprise diverse strains. Different 
strains of Pseudomonas, Bacillus, Azospirillum, Azotobacter, and several species 
have been well studied PGPR, which have multiple activities regarding plant growth 
enhancement, soil fertility, and a wide array of biotic and abiotic stress management 
(Ahmad et al. 2008; Beneduzi et al. 2012; Shameer and Prasad 2018). The PGPR 
may be endophytes (living in tissues of plants), or they may form an association 
with root hairs and root surfaces, which in either case is facilitated by root exudates 
(Ilangumaran and Smith 2017). 

In the ever-growing concern of agricultural salinity, mitigating effects of PGPR 
and induction of salinity tolerance to non-tolerant crops are promising, and several 
strains of these beneficial microbes have been identified, which can be used as “salt 
stress alleviators” (Shrivastava and Kumar 2015; Islam et al. 2016; Numan et al. 
2018). A list of rhizobacterial flora, which has salt mitigating effects, is presented in 
Table 3. In earlier studies, specific strains of PGPR such as Achromobacter piechau-
dii, Pseudomonas sp., and Enterobacter sp. have been documented for conferring 
salinity tolerance to tomato (Mayak et al. 2004; Ali et al. 2014; Kim et al. 2014; 
Sapre et al. 2018). Wheat exposed to different salinity levels exhibited improved 

Table 2 (continued)

Crops
Priming agent and soaking 
duration

Response of crops under saline 
environment References

Rice 0.5 M ZnSO4·7H2O (24 h) Enhanced productive and yield 
traits

Farooq et al. 
(2018)

Brassica 
species

8–16 dSm−1 Complete failure of growth at 
salinity concentration exceeding 
15 dSm−1

Shirazi et al. 
(2018)

Forage 
legumes 
(Lotus sp.)

50–250 mM Germination reduced by 47% Hajri et al. (2018)
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Table 3 A list of different rhizobacteria which have salt mitigating and crops growth-promoting 
effects

Crops PGPB/ strains
Salinity 
stress Response References

Tomato Strains of Achromobacter 
piechaudii

172 mM Fresh and dry weight 
of challenged plant 
improved under 
salinity stress

Mayak et al. 
(2004)

Canola Pseudomonas putida 150 mM Induced salt 
resistance and 
improved growth 
characters of the 
crop

Cheng et al. 
(2007)

Groundnut Pseudomonas fluorescens 
(TDK1)

120 mM Salinity resistances, 
improvement in 
general growth 
parameters

Saravanakumar 
and Samiyappan 
(2007)

Lettuce Pseudomonas mendocina 
(Palleroni)

0.34–
0.92 
dSm−1

Enhanced root and 
shoot biomass and 
water content

Kohler et al. 
(2009)

Mung bean Pseudomonas and Rhizobium 
sp.

4–6 
dSm−1

Salinity resistance, 
improvement in 
growth and dry 
biomass

Ahmad et al. 
(2011)

Wheat Nitrinicola sp. (SL 11), 
Halomonas sp. (SL 9), 
Arthrobacter sp. (AS 18), 
Pseudomonas sp. (AS 40), 
Bacillus sp. (AS 121)

≥4.6 
dSm−1

Improved growth, 
dry weight, total 
proteins and sugars, 
chlorophyll 
pigments

Tiwari et al. 
(2011)

Red pepper Brevibacterium iodinum, 
Bacillus licheniformis, and 
Zhihengliuela alba

100–
200 mM

Improved growth, 
biomass, root-shoot 
ratio

Siddikee et al. 
(2011)

Peanut Brachybacterium 
saurashtrense (JG-06), 
Brevibacterium casei 
(JG-08), and 
Haererohalobacter (JG-11)

100 mM Induction of salt 
tolerance, better 
growth potentials, 
improved Na/K 
ratios, nutrient 
uptake

Shukla et al. 
(2012)

Rice Azotobacter strains (C5, C7, 
C8,C9)

2.93–
5.85 gl−1

Ion regulation, 
improvement in 
biomass, chlorophyll 
content

Rojas-Tapias 
et al. (2012)

Wheat Bacillus subtilis SU47 and 
Arthrobacter sp. SU18

2–6 
dSm−1

Dry biomass, proline 
content, and soluble 
sugars elevated at 
salinity stress

Upadhyay et al. 
(2012)

Wheat Planococcus rifietoensis 
(strain SAL-15)

300 
dSm−1

Better growth 
performance in 
salinity than under 
control

Rajput et al. 
(2013)

(continued)
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Table 3 (continued)

Crops PGPB/ strains
Salinity 
stress Response References

Tomato Pseudomonas fluorescens 
(YsS6), Pseudomonas 
migulae (8R6)

165–
185 mM

Growth, 
reproductive 
characters and 
chlorophyll contents 
improved

Ali et al. (2014)

Cucumber Burkholderia cepacia (SE4), 
Promicromonospora sp. 
(SE188), and Acinetobacter 
calcoaceticus (SE370)

120 mM Induction of salt 
tolerance, reduced 
oxidative damage, 
and improved 
growth in response 
to salinity

Kang et al. 
(2014)

Tomato Enterobacter sp. (EJ01) 200 mM Enhance growth and 
biomass production 
under salinity

Kim et al. (2014)

Rice Pseudomonas (PDMCd 
0501, PDMCd2007)

16 
dSm−1

Stimulatory effects 
on growth and 
germination 
depending on strains

Nakbanpote et al. 
(2014)

Rice Pseudomonas sp. (TDK1 and 
PF1)

100 mM Increase in seedling 
length and dry 
weight

Sen and 
Chandrasekhar 
(2014)

Maize Enterobacter sp. (FD17), 
Burkholderia phytofirmans 
(PsJN)

25 mM Regulation of ions 
and nutrient uptake

Akhtar et al. 
(2015)

Soybean Pseudomonas sp. (AK-1), 
Bacillus sp. (SJ-5)

40–
200 mM

Overall growth and 
biomass 
improvement in 
saline conditions

Kumari et al. 
(2015)

Barley Curtobacterium 
flaccumfaciens (E108)

250 mM Salt tolerance and 
growth improvement

Cardinale et al. 
(2015)

Wheat Dietzia sp. (STR1) 150 mM Overall growth and 
biomass 
improvement

Bharti et al. 
(2016)

Wheat Bacillus sp., Staphylococcus 
sp., and many other strains

200 mM Increased growth by 
62–78% under 
salinity stress

Orhan (2016)

Maize Pseudomonas fluorescens 
(002)

150 mM Root number, 
growth and biomass 
enhanced

Zerrouk et al. 
(2016)

Sunflower Chryseobacterium humi 
(ECP37), Ochrobactrum 
haematophilum (ZR3–5)

– Improved N/K ratio, 
dry biomass and 
enzymatic activity

Pereira et al. 
(2016)

Mung bean Enterobacter cloacae and 
Bacillus drentensis

3.12–
7.81 
dSm−1

Improved plant 
height, leaf area, 
biomass and 
chlorophyll contents

Mahmood et al. 
(2016)

(continued)
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growth and physiological activities and better nutrient acquisition when different 
strains of Nitrinicola sp., Halomonas sp., Arthrobacter sp., Pseudomonas sp., 
Bacillus sp., Planococcus rifietoensis, Dietzia sp., Staphylococcus sp., Enterobacter 
cloacae, and Pseudomonas sp. were used as inoculants or bioformulants (Tiwari 
et al. 2011; Upadhyay et al. 2012; Rajput et al. 2013; Bharti et al. 2016; Orhan 2016; 
Barnawal et al. 2017; Singh et al. 2017; Safari et al. 2018). There are many reports 
about the positive influences of diverse bacterial strains on maize (Akhtar et  al. 
2015; Zerrouk et  al. 2016; Li and Jiang 2017), rice (Rojas-Tapias et  al. 2012; 
Nakbanpote et al. 2014; Sen and Chandrasekhar 2014; Sarkar et al. 2018; Jaemsaeng 
et al. 2018), canola (Cheng et al. 2007), groundnut (Saravanakumar and Samiyappan 

Table 3 (continued)

Crops PGPB/ strains
Salinity 
stress Response References

Maize Bacillus aquimaris (DY-3) – Salinity resistance 
inducted

Li and Jiang 
(2017)

Wheat Arthrobacter sp. (SA3), 
Dietzia sp. (STR1)

100 mM Enhanced seedling 
growth, dry weight, 
and transpiration

Barnawal et al. 
(2017)

Wheat Enterobacter cloacae 
(SBP-8)

200 mM Enhanced metabolic 
activities under 
salinity

Singh et al. 
(2017)

Wheat P. fluorescens (PGU2–79) 6 dSm−1 Improvement in 
germination and 
growth parameters 
of seedling

Safari et al. 
(2018)

Rice Enterobacter sp. (P23) 200 mM Growth promotion in 
saline conditions

Sarkar et al. 
(2018)

Rice Streptomyces sp. (GMKU 
336)

150 mM Enhanced growth 
and chlorophyll 
contents

Jaemsaeng et al. 
(2018)

Black gram Pseudomonas fluorescens 7 dSm−1 Improvement in leaf 
water content, 
chlorophyll content, 
root/shoot growth 
and biomass

Yasin et al. 
(2018a)

Chili Bacillus fortis (SSB 21) 1–2 
NaCl 
kg−1

Enhanced growth, 
biomass and 
biochemical 
parameters in salt 
stress

Yasin et al. 
(2018b)

Tomato Pseudomonas sp. (OFT2, 
OFT5)

75 mM Enhanced ionic 
balance, 
physiological 
activity, growth and 
total biomass

Win et al. (2018)

Oat Klebsiella sp. (IG3) 100 mM Improved shoot and 
root growths

Sapre et al. 
(2018)
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2007; Shukla et al. 2012), mung bean (Ahmad et al. 2011; Mahmood et al. 2016), 
and soybean (Kumari et  al. 2015), which exhibited improved growth, biomass, 
nutrient uptake, ionic ratio, and physiological parameters under saline conditions.

The induction of salt tolerance to crops and alleviation of salinity toxicity by 
PGPR may be attributed to diverse mechanisms, which include the production of 
plant growth-stimulating hormones, detoxification of reactive oxygen species pro-
duced as a result of salinity stress, balancing of Na+ and K+ ratio, homeostatic regula-
tions, and regulation of several stress pathways (Ilangumaran and Smith 2017; 
Numan et al. 2018) (Fig. 2). Growth abnormalities of plants, which are exposed to 
above threshold levels of salinity, occur due to the production of reactive oxygen spe-
cies (ROS), accumulation of certain ions in different tissues, and malfunctioning of 
stress-regulating system. ROS, ionic imbalance, and deficit running of stress regula-
tory pathways result in tissue damage and abnormalities in biochemical and physio-
logical processes, which lead to hindered growth and development of the challenged 
plants. PGPR help in accommodating these abnormalities either directly or indi-
rectly. In a comprehensive review, Ilangumaran and Smith (2017) outlined the under-
lined mechanisms involved in stress tolerance to plants by PGPR. They provided 
evidence about the influential role of PGPR in salinity stress induction by modula-
tion of the rate of transpiration and hydraulic conductivity in maize. The production 

Fig. 2 Role of plant growth-promoting bacteria in conferring salt tolerance in plants
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and stimulation of hormones and growth regulatory substances (auxins, ethylene, 
abscisic acid) and other extracellular molecules triggered by PGPR were also corre-
lated with induced salinity tolerance to crops. Ethylene, a growth regulator, in higher 
concentration can potentially damage the root development and overall growth of 
crops; thus regulation of ethylene’s production is crucially required, which in many 
studies has been confirmed to be positively linked with PGPR (Bhattacharyya and 
Jha 2012; Siddikee et al. 2012; Ahemad and Kibret 2014). Yang et al. (2009) con-
cluded in their review that ethylene is produced in response to stressed conditions, 
while PGPR reverses its harmful effects on crops by producing 1-aminocyclopro-
pane-1-carboxylate (ACC) deaminase. In many other studies, 1-aminocyclopropane-
1-carboxylate (ACC) deaminase producing PGPR have been reported to confer 
resistance to crops, which are exposed to salinity and other stressful conditions 
(Gontia-Mishra et al. 2014; Akhgar et al. 2014; Heydarian et al. 2016; Wang et al. 
2016; Habib et al. 2016; Jaemsaeng et al. 2018; Sarkar et al. 2018). Several other 
mechanisms have also been reported for PGPR-induced salinity tolerance in crops. 
Farooq et al. (2015) asserted that the imbalanced presence of Na+ and Cl− in soil 
drastically affects the availability of required nutrients to crops which certain PGPR 
have the ability to recover and make them available to crops under stressed environ-
ment. They further elaborated that PGPR has an active role in regulating ionic 
homeostasis, osmoprotection, and nitrogen fixation and enhancing the anti-oxidant 
defense system. In a recent review, Etesami and Beattie (2018) recommended the use 
of halotolerant PGPR because of their ability to induce systemic tolerance to crops 
against salinity and other biotic/abiotic challenges via nitrogen fixation, hormones 
production and regulation, siderophore production, phosphate solubilization, and 
augmenting plants growth by controlling disease damages under stresses.

6  Conclusions

In summary, seed priming proves to be an effective, suitable, easy-to-manage, and 
cost-effective strategy to enhance salinity resistance in different crops. Major 
improvements have been achieved in germination, growth, and yield potentials and 
physiological and biochemical response of a variety of crops to salinity stress when 
pre-sowing priming was performed. Since wheat, maize, and rice are important 
food and staple crops and they are challenged with salinity threat along with other 
several abiotic and biotic stresses, employment of seed priming in these crops would 
substantially improve their yield and production under increasing salinity problems. 
Besides traditional seed priming approaches which employ mostly H2O, NaCl, 
PEG, hormones, and growth regulatory substances, extensive research is needed to 
test different plant extracts and nano-molecules as priming agent as it will elaborate 
our understanding of the basic mechanisms of seed priming and potential utilization 
of such techniques on a wide scale to induce salinity resistance in agronomic crops. 
Moreover, PGPR, bacteria in the rhizosphere with potential characteristics of stimu-
lating plant growth, are ideal candidates for using in agriculture to help crops cope 
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with salinity stress. Bacterial strains in genera Rhizobium, Pseudomonas, 
Achromobacter, Arthrobacter, Halomonas, Bacillus, Azotobacter, Burkholderia, 
Enterobacter, Dietzia, and Klebsiella are some of the well-known PGPR, which can 
be successfully employed in agriculture for management of salinity problem. The 
PGPR induce systemic salinity stress to crops in several ways. Production of hor-
mones, 1-aminocyclopropane-1-carboxylate (ACC) deaminase, balancing of toxic 
ions in the rhizosphere by producing compatible molecules, and homeostatic regu-
lations triggered by PGPR result in better growth and physiological activities of 
crops in a stressed environment. Wide employment of seed priming and PGPR in 
agriculture can benefit the environment, ecosystem, and agriculture in a more sus-
tainable manner. There is also a potential space for priming and PGPR in tolerance 
induction in crops to other stress conditions such as drought, heat, and cold stress.
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Abstract Abiotic stresses are one of the most plant growth- and yield-limiting fac-
tors in agricultural production system. Drought, salinity, chilling temperature, heat, 
freezing, and heavy metal toxicity are ubiquitously present around the globe. Plants 
have evolved different adaptive mechanisms to sustain their growth and reproduction 
in adverse environmental conditions. Accumulation of phytoprotectants is one such 
strategy, in which bioactive molecules that are effective against stress are accumu-
lated by plants. The most effective phytoprotectants include polyamines, hormones, 
osmolytes, signaling molecules, antioxidants, and trace elements. In recent few 
decades, researchers have established procedures for exogenously applying these 
phytoprotectants to facilitate plants to sustain growth and development under abiotic 
stresses. Seedling pretreatment is one such method, where seedlings are exogenously 
supplied (through roots or leaves) with phytoprotectants prior to exposing the seed-
lings to abiotic stress. Seedling pretreatment with phytoprotectants has shown the 
potential to improve plant growth and stress tolerance during stressful conditions. In 
this chapter, we have summarized, which phytoprotectants in recent times, have been 
studied for seedling pretreatment to mitigate various abiotic stresses. Moreover, this 
chapter is focused on polyamines, signaling molecules, antioxidants, amino acids, 
quaternary ammonium compounds, sugars, and sugar alcohols.

Keywords Stress mitigation · Exogenous application · Osmolytes · Polyamines · 
Antioxidant defense mechanism · Climate change · Osmoprotectant

1  Introduction

Extremes in environment conditions initiate responses within plants to adapt the 
changes. This environmental condition is called abiotic stress for plants. With the 
change in climate patterns, abiotic stresses are becoming common and occurring 
around the globe. The most common and threatening abiotic stresses for plant pro-
duction are water scarcity, salinity, low and high temperature (chilling and heat), 
freezing, and heavy metal toxicity. Abiotic stresses modulate diversity and distribu-
tion of plants around the globe and plant productivity in agricultural systems. 
Generally, these stresses adversely impact growth and reproduction in plants. At cel-
lular levels, the production and accumulation of reactive oxygen species during stress 
is one of the most harmful adversaries for plants. Reactive oxygen species (ROS) 
reduce photosynthetic efficiency by damaging photosystems and destabilizing mem-
brane structures, DNA, and lipids, consequently reducing the repairing ability of cell 
organelles leading to cell or plant death. Almost half of the cultivable land in the 
world is facing similar kind of yield-limiting stressful conditions affecting a huge 
chunk of human population. In this scenario, the capacity of a plant’s defense mecha-
nism defines its chances of survival and to remain productive. For this purpose, 
nature has equipped plants with several tools and strategies. Plants have evolved 
these strategies to preserve their  cellular systems from harmful effects of abiotic 
stresses. One such tool is the production and accumulation of phytoprotectants.
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Phytoprotectants are endogenously produced bioactive compounds that are effec-
tive against stresses. Exogenous application of these compounds has been found to 
facilitate plant to carry on its normal metabolic functions during stress and to 
increase tolerance to various stresses. The class of phytoprotectants or osmoprotec-
tants is broad with notable categories of polyamines, antioxidants, signaling mole-
cules, amino acids, quaternary ammonium compounds, sugars, and sugar alcohols.

For decades, researchers have been exogenously applying phytoprotectants to for-
tify plants with these bioactive compounds to better cope with adverse environmental 
conditions. The most common methods adapted for this purpose are seed priming, 
seedling pretreatments, and foliar spray. The exogenous application might be applied 
before or after the induction of stress, both methods having their own merits and 
demerits. Seedling pretreatment is one such method, where seedlings are supplied 
with phytoprotectant before exposing the seedlings to abiotic stress. This strategy has 
been used in numerous studies and has shown promising findings, whereby seedlings 
pretreated with various phytoprotectants withstood well against stress and continued 
their growth and development contrary to the seedlings that were not pretreated.

2  Phytoprotectants and Their Role in Normal Functioning 
of Plant Cell

In recent decades, a lot of bioactive compounds have been categorized as phytopro-
tectant owing to their effectiveness in facilitating a plant to carry on its normal meta-
bolic activities during stress. Not only these compounds are produced endogenously 
by plants during stress, but also the exogenous application of the phytoprotectants 
has been found to strengthen plant response to stress. Phytoprotectants have evi-
dently shown that if applied exogenously, these protectants increase plant’s toler-
ance to various stresses, growth, and yield. Exogenously applied phytoprotectants 
or osmoprotectants include polyamines, antioxidants, signaling molecules, amino 
acids, quaternary ammonium compounds, sugars, and sugar alcohols.

Polyamines are ubiquitous in all living organisms including plants. Polyamines 
regulate various basic metabolic activities at cellular or tissue levels including DNA 
replication, cell division, activities of enzymes, stability of membranes, embryogen-
esis, plant morphology, dormancy breaking and seed germination, flower bud initia-
tion and setting, and ripening of fruits (Gill and Tuteja 2010). The most commonly 
occurring polyamines include putrescine, spermidine, and spermine. During various 
basic metabolic functions like respiration, production of reactive oxygen species 
(ROS) is a natural phenomenon. Plants use certain bioactive compounds called anti-
oxidants to protect its vital organelles like chloroplast, mitochondria, and other 
membranous structures from ROS, which otherwise can destabilize these organ-
elles. The antioxidants compounds include ascorbic acid, glutathione, α-tocopherol, 
flavonoids, etc. Ascorbic acid is the most abundant antioxidant molecule in plants 
that also activates plant defense mechanism. It is one of the primary metabolites 
involved in hydrogen peroxide detoxification (Munir and Aftab 2011).
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The earliest detection of abiotic stress by plants is a key for stimulating defense 
mechanism and adapting the changing conditions. Each plant cell performs immune 
function, and there are certain molecules that are part of plant signaling system. 
Receptors on cell membrane receive the stress stimulus and then trigger the signal-
ing system leading to activation of plant defense responses to that specific stress. 
Some of the well-recognized signaling molecules in plants include hydrogen sul-
fide, hydrogen peroxide (an ROS), hormones, and nitric oxide.

Osmolytes are a class of phytoprotectant that are water-soluble, neutral and non-
toxic compounds with no interaction with normal metabolic activities (Slama et al. 
2015). Concentration of osmolyte increases in cells with the decrease in the cellular 
water potential. Osmolytes can alter the solubility of water, adjust osmotic potential, 
stabilize the folded proteins, and protect membrane structures when climatic condi-
tions are unfavorable (Yancey, 2005). Major categories of osmolytes include amino 
acids (proline, glutamine, and ornithine), quaternary ammonium compounds (gly-
cinebetaine), sugars (sucrose and trehalose), and sugar alcohol—also called poly-
ols—including mannitol and myoinositol.

3  Seedling Pretreatments with Phytoprotectants to Mitigate 
Abiotic Stress

3.1  Polyamines

Polyamines are a group of aliphatic amine compounds that contain more than two 
amino groups. Polyamines are present in almost all living organisms including 
plants. The well-recognized polyamines, since the discovery of first polyamine 
300 years ago, are putrescine (a diamine), spermidine (a triamine), and spermine (a 
tetraamine). Polyamines regulate many elementary and vital cellular activities such 
as transcription, translation and DNA replication, cell division and enlargement, 
activities of enzymes, cation-anion balance within cells, and stability of membrane 
structures. Further functional roles of polyamines include seed germination, break-
ing of dormancy in tubers, embryogenesis, development of flower buds, fruit set-
ting, and development and ripening of fruits (Gill and Tuteja 2010).

The response of different polyamines to same abiotic stress is variable. Generally, 
polyamines have been  shown to stabilize cellular membrane structures, induce 
expression of stress retarding genes, scavenge ROS, and protect plants from growth 
reduction and altered development (Alcázar et  al. 2010; Hussain et  al. 2011). In 
acquisition of tolerance against stresses, polyamines are suggested to be potent 
stress alleviators during cold stress, salt stress, hyperosmosis, heavy metal stress, 
pollutant stress, and hypoxia (Liu et al. 2007; Garcia-Jimenez et al. 2007).

One of the ways polyamine mitigate drought stress is attaining the stability of 
membranes in plant roots during drought by inducing the accumulation of proline. 
Kubis et al. (2014) studied this phenomenon in roots of cucumber seedling whereby 
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roots were pretreated with polyamines (i.e., putrescine, spermidine, and spermine). 
Dehydration caused injury to membrane and increase in the activity of lipoxygen-
ase, lipid peroxidation, and proline content. However, polyamine pretreatment 
reduced membrane injury, thus regulating membrane permeability along with the 
reduction in the activity of lipoxygenase and lipid peroxidation.

It is considered that spermine has a role to offer in mitigating drought and high 
temperature stress. Similarly, the response of spermine pretreatment to nullify the 
combined effect of these two stresses has shown that spermine upregulates the 
stress-mitigating genes, activates antioxidant enzymes, and increases ROS scaveng-
ing capacity (Fu et  al. 2014). Pretreatment of seedling of trifoliate orange with 
spermine resulted in low accumulation of hydrogen peroxide and superoxide radi-
cals, whereas superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) 
were noticeably more active in pretreated seedlings than in non-pretreated seedlings 
(Fu et al. 2014). Seedling pretreated with spermine also showed that spermine acted 
as a signaling molecule that resulted in higher expression of proteins related to heat 
shock, abscisic acid-responsive binding factor, and 9-cis-epoxycarotenoid dioxy-
genase. This suggests that spermine plays a key role in conferring the tolerance to 
trifoliate oranges by counteracting simultaneous stresses of drought and heat stress. 
Like spermine, spermidine also induced enzymes that scavenge ROS. Barley seed-
lings were pretreated with spermidine prior to subjecting the seedling to insufficient 
water stress (Kubis 2003). Where water deficiency caused a significant increase in 
the activity of CAT and glutathione peroxidase (GPX), pretreatment with spermi-
dine markedly reduced the activities of both enzymes. Moreover, the accumulation 
of overall polyamines increased in pretreated seedlings.

3.2  Amino Acids

3.2.1  Proline

In salinity-stressed plants, a well-observed adaptive mechanism is the accumula-
tion of phytoprotectant resulting in stabilization of cellular membrane system, 
adjustment of cell osmotic potential, upregulation of the expression of responsive 
proteins, and activation of enzymatic antioxidant system (Ashraf and Foolad 
2007; Khedr et al. 2003). Accumulation of proline was first reported in ryegrass 
growing under drought condition (Kemble and MacPherson 1954). Since then, 
proline has been widely recognized as a compatible phytoprotectant and a stress 
resistant biochemical marker in plants. Besides conferring osmoprotection to 
plant tissues, proline also mitigates oxidative stress by scavenging radical oxygen 
species such as hydroxyl radicals (Sharma and Dietz 2006). During adverse envi-
ronmental conditions, especially stresses like salinity and drought, synthesis and 
accumulation of proline increase to a noticeable level in higher plants that play a 
major role in stabilizing proteins and enzymes (RuBisCO) and protecting electron 
transport complex II (Hamilton and Heckathorn 2001).
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Proline and glycinebetaine mitigate salinity-induced oxidative stress by modify-
ing antioxidant mechanism and methylglyoxal detoxification system in salinity- 
stressed plants. In mung bean seedlings, salt stress increased the concentration of 
oxidized glutathione and decreased the ascorbic acid content and reduced/oxidized 
glutathione ratio (Hossain et al. 2011). Similarly, salt stress has shown noticeable 
effects on enzymes, whereby there was an increase in the activities of glutathione 
reductase (GR), GPX, glutathione S-transferase (GST), and glyoxalase II (Gly II) 
activities. Moreover, a sharp decrease in the enzymatic activities of monodehydro-
ascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), CAT, and 
glyoxalase I (Gly I) was observed. Increase in the concentration of hydrogen perox-
ide and malondialdehyde was also noticed. However, the seedlings pretreated with 
proline and glycinebetaine showed significantly enhanced levels of ascorbic acid, 
reduced glutathione and oxidized glutathione and reduced/oxidized glutathione 
ratio, and decreased levels of hydrogen peroxide and malondialdehyde content. 
These seedlings also maintained higher activities of enzymes involved in ROS scav-
enging and methylglyoxal detoxification system that includes ascorbate peroxidase 
(APX), DHAR, GR, GST, GPX, CAT, Gly I, and Gly II.

Alleviation of heavy metal stress by pretreatment of seedlings with phytopro-
tectants has been a useful strategy. Chromium induced lipid peroxidation and its 
mitigation though proline pretreatment was studied in rice seedlings by Yu et al. 
(2017). Rice seedlings stressed with chromium toxicity showed classic symptoms 
of abiotic stress such as accumulation of malondialdehyde and high cell death rate 
in roots along with retarded growth rate. Pretreatment with proline significantly 
reduced lipid peroxidation, malondialdehyde accumulation, and root cell death 
showing that seedlings could be effectively pretreated with proline to reduce chro-
mium-induced oxidative damages.

3.2.2  γ-Aminobutyric Acid

γ-Aminobutyric acid, generally known as GABA, is a nonprotein amino acid and is 
produced by both types of organisms, i.e., prokaryotes and eukaryotes. Endogenous 
level of GABA in plants is comparatively low where glutamate decarboxylase cata-
lyzes the synthesis of GABA using glutamate as a primary precursor. However, adverse 
environmental conditions cause the accumulation of GABA in higher concentration, 
even higher than proline in some plants. Upregulation of gene (GAD1) regulating 
GABA biosynthesis pathway along with inhibitory effect of GABA on ROS (O2

•– , 
H2O2 and 1O2) has been observed in tobacco under drought stress (Liu et al. 2011).

Seed germination and early seedling growth are generally halted by cold tem-
perature during these phases of growth, and, consequently, it affects overall produc-
tivity of plants. However, pretreatment of seedling has been found to reverse chilling 
temperature-induced growth inhibition. Tomato is one such plant that is sensitive to 
cold stress at seedling stage. Malekzadeh et al. (2014) pretreated tomato seedling 
with GABA 3 days before exposing the seedlings to 2.0 ± 0.05 °C (chilling stress). 
Pretreatment of tomato seedlings with GABA significantly reduced electrolyte 
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leakage, malondialdehyde accumulation, and activities of antioxidant enzymes and 
enhanced sugar and proline concentration. These findings encourage the use of pre-
treatment of seedling with GABA as chilling stress mitigator.

Similar observations were made by Malekzadeh et al. (2012) in wheat seedlings 
that were subjected to chilling stress. Inhibition of elongation of roots in wheat 
seedling was observed in non-pretreated seedling contrary to pretreated seedling, 
whereby GABA mitigated this growth inhibitory effect of low temperature stress. 
Likewise, GABA reduced malondialdehyde content and alleviated oxidative dam-
ages, otherwise, caused by cold stress.

3.2.3  β-Aminobutyric Acid

Like GABA, β-aminobutyric acid (BABA) also plays a protective role against abi-
otic stresses. Hossain et  al. (2012) pretreated soybean seedling with 200  μM 
β-aminobutyric acid to alleviate cadmium-induced stress damage to soybean seed-
lings. After 24 h of pretreatment, the seedlings were exposed to cadmium stress. The 
results showed that BABA restored the relative intensity levels of heat-shock cognate 
protein and activity of enzymes including carbonic anhydrase, methionine synthase, 
and glycine dehydrogenase. In addition, BABA pretreatment in cadmium-stressed 
plants also increased the content of protein peroxidation and glycolytic enzymes 
involved in plant defense. Moreover, low biophoton emission (an indicator of less 
oxidative stress) was observed in BABA pretreated soybean seedlings.

3.2.4  Arginine

Arginine has many diverse functions in living cells such as contributing to cell struc-
ture and acting as a precursor to important biological molecules. Arginine is a com-
ponent of many types of proteins and acts as a primary substrate for nitric oxide 
synthase-catalyzed pathway, giving nitric oxide and citrulline, and arginase- 
catalyzed pathway, giving ornithine, a precursor for proline and putrescine (Chen 
et  al. 2004). In plants, nitric oxide acts as a functional metabolite, and arginine- 
dependent activity of nitric oxide synthase has been observed in plants (Arasimowicz 
and Floryszak-Wieczorek 2007). Nitric oxide synthase catalyzes the production of 
nitric oxide from L-arginine. Inhibiting this enzyme also retards the formation of 
nitric oxide by blocking the conversion of arginine to nitric oxide. One of such nitric 
oxide inhibitors used in studies is Nω-nitro-l-arginine methyl ester (LNAM). Nasibi 
et al. (2011) pretreated tomato seedlings with arginine and then subsequently sub-
jected to drought stress. The pretreatment caused the alleviation of oxidative stress 
due to drought by reducing lipid peroxidation within cells and the activities of CAT 
and guaiacol peroxidase, whereas increasing the activities of SOD, APX, and 
GR. Arginine also led to higher ascorbate and glutathione content and lower dehy-
droascorbate level. Nasibi et al. (2011) also applied Nω-nitro-l-arginine methyl ester 
along with arginine to inhibit the conversion of arginine to nitric oxide. The findings 
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suggested that combined pretreatment with both, arginine and Nω-nitro-l- arginine 
methyl ester, reduced the accumulation of malondialdehyde showing that other argi-
nine involving pathway is more effective than nitric oxide synthase pathway.

3.2.5  5-Aminolevulinic Acid

5-Aminolevulinic acid is a nonprotein endogenous amino acid and is also known as 
D-aminolevulinic acid or D-amino ketone acid (Liu et al. 2016). 5-Aminolevulinic 
acid is a hydrocarbon containing oxygen and nitrogen. It modulates the growth, 
development, yield, and numerous physiological traits in plants. In crops, 
5- aminolevulinic acid enhances growth and yield of plants by increasing the levels 
of total chlorophyll, ratio of chlorophyll a to b, and photosynthesis-associated activ-
ities of photosystems, PS I and II (Xu et al. 2010).

Liu et al. (2016) exogenously applied 5-aminolevulinic acid through pretreating 
the seedlings of Leymus chinensis grass and then subjected the seedlings to drought 
stress using 50% soil relative water content. The findings showed that pretreatment 
with 5-aminolevulinic acid could facilitate the growth by increasing the height of 
a plant, moisture level of plant tissues, leaf area, vegetative biomass, carotenoids, 
and chlorophyll a and b. Moreover, 5-aminolevulinic acid triggers the enzymatic 
antioxidant system, improves the activities of POD, SOD, CAT, GR, and APX and 
decreases the levels of malondialdehyde.

Numerous attempts have been made to promote the application of 5- aminolevulinic 
acid in production system of agriculture. Li (2011) pretreated cucumber seedling 
with 5-aminolevulinic acid and later exposed the seedlings to polyethylene glycol- 
induced water deficiency with an aim to examining the role of 5-aminolevulinic acid 
in modulating the enzymatic antioxidant defense system. 5-aminolevulinic acid not 
only increased the activities of APX, GPX, GR, and MDHAR but also accumulated 
higher content of reduced glutathione and ascorbate in the leaves of drought-stressed 
cucumber seedlings. 5-Aminolevulinic acid also caused the alleviation of stress- 
induced growth inhibition and concentration of ROS like superoxide radical and 
hydrogen peroxide.

3.3  Quaternary Ammonium Compounds

3.3.1  Glycinebetaine

All organisms including plants, animals, and microorganisms produce glycinebeta-
ine. However, plants synthesize and accumulate higher levels of glycinebetaine 
when exposed to abiotic stresses. Accumulation of glycinebetaine increases resis-
tance to abiotic stress in plants by protecting proteins and membranes, regulating 
transcription and translation processes, decreasing malondialdehyde levels, scav-
enging ROS, and enhancing antioxidative enzyme activity, for example, activities of 
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catalase, superoxide dismutase, peroxidase, and ascorbate peroxidase (Bharwana 
et al. 2014; Hu et al. 2012; Park et al. 2006). During salt stress, glycinebetaine con-
fers protection to plant cells by adjusting cellular osmotic potential, protecting pho-
tosynthesis apparatus, stabilizing proteins and enzymes, and scavenging ROS like 
hydrogen peroxide (Chen and Murata 2008; Cha-Um and Kirdmanee 2010).

Proline and glycinebetaine mitigate salinity-induced oxidative stress by modify-
ing antioxidant mechanism and methylglyoxal detoxification system in salinity- 
stressed plants. In mung bean seedlings, salt stress increased the concentration of 
oxidized glutathione and decreased ascorbic acid content and reduced/oxidized glu-
tathione ratio (Hossain et  al. 2011). Similarly, salt stress has shown noticeable 
effects on enzymes, whereby there was an increase in the activities of glutathione 
reductase, glutathione peroxidase, glutathione S-transferase and glyoxalase 
II. Moreover, a sharp decrease in the enzymatic activities of monodehydroascorbate 
reductase, dehydroascorbate reductase, catalase, and glyoxalase I was observed. 
Increase in the concentration of hydrogen peroxide and malondialdehyde was also 
noticed. However, the seedlings pretreated with proline and glycinebetaine showed 
significantly enhanced levels of ascorbic acid, reduced and oxidized glutathione and 
reduced/oxidized glutathione ratio, and decreased levels of hydrogen peroxide and 
malondialdehyde content. These seedlings also maintained higher activities of 
enzymes involved in ROS scavenging and methylglyoxal detoxification system that 
includes APX, DHAR, GR, GST, GPX CAT, Gly I, and Gly II.

Besides inducing antioxidant defense mechanism, glycinebetaine also plays a 
significant role in mitigating abiotic stress-induced ultrastructural damages to chlo-
roplast and mitochondria. It is suggested that, to cope with salt stress, glycinebeta-
ine enhances the production of vacuoles in roots cells that may accumulate higher 
concentrations of sodium, thus diminishing its levels in shoot cells (Rahman et al. 
2002). Such changes in response to glycinebetaine pretreatments also result in 
greening of, otherwise growth inhibited, plants. Rahman et al. (2002) studied this 
protective role of glycinebetaine against salt-induced ultrastructural damages in 
cells of rice seedling. Salt stress, generally, led to inflammation of thylakoid mem-
branes along with collapse of grana stacking and lamellae. Similar symptoms 
including low numbers of cristae, vacuolation, and swelling were observed in mito-
chondria. The number of mitochondria also increased with their aggregation local-
ized mostly in the cytoplasm of the cells of the root tip and root cap. Exogenous 
application of glycinebetaine on the salinity-stressed rice seedlings, on the one 
hand, reinforced the inhibitory effects of salt stress on root growth, while, on the 
other hand, it improved the stress-induced retarded shoot growth. Further, an 
increase in the concentrations of K+ and a decrease in the concentration of Na+ were 
noticed.

When the plant is under stress, the most important physiological function to main-
tain for its survival is photosynthesis. Mostly, any abiotic stress reduces the photo-
synthetic efficiency or photosynthetic rate of plant cells either by targeting 
photosynthesis-related membrane structures or decreasing the content of photosyn-
thetic pigments. In this scenario, glycinebetaine protects photosynthetic machinery 
and maintains or increases the concentration of photosynthetic pigments under stress. 
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Demiral and Türkan (2006) exogenously applied glycinebetaine on NaCl- stressed 
rice seedling to investigate the mitigating effects of glycinebetaine on photosynthetic 
efficiency and pigments. They found that the growth of rice seedling improved dur-
ing salt stress if the plants were pretreated with glycinebetaine compared to the 
growth of non-pretreated plants. However, effects of exogenous glycinebetaine 
application on photosystem II efficiency and photosynthetic pigments were discrep-
ant, and two cultivars showed different behaviors for these parameters. Under salin-
ity, the content of chlorophyll b and carotenoids decreased in cultivar IR-28, whereas 
those of cultivar Pokkali remained unchanged. Further, even glycinebetaine pre-
treated IR-28 plants lost photosynthetic pigments during stress.

Another role of glycinebetaine in the fight against stresses is that it facilitates the 
accumulation of growth regulators like abscisic acid and jasmonic acid in addition to a 
well-known osmoregulatory compatible solute, proline (Mahouachi et  al. 2012). 
Glycinebetaine does so by regulating the movement of stomata and the availability of 
phytoprotectants, thus enhancing relative leaf water content, vegetative growth, and 
photosynthetic efficiency. Papaya seedlings were pretreated with glycinebetaine and 
then exposed to drought, rehydration and again drought, respectively (Mahouachi et al. 
2012). Although water scarcity resulted in inefficient photosynthesis, less leaf biomass, 
low stomatal conductance, low relative water content, and higher leaf abscission, gly-
cinebetaine pretreatment decreased the impact of drought by increasing the accumula-
tion of abscisic acid, jasmonic acid, and proline. Moreover, higher seedling growth, 
photosynthetic rate, and relative water content of leaves were also observed in pre-
treated papaya seedlings. This suggests that glycinebetaine regulates stomatal move-
ment, photosynthesis, and phytoprotectant accumulation in drought-stressed plants.

3.4  Sugars

Carbohydrates are vital for cell structure, signaling, and photosynthate transport and 
storage. Soluble sugars are recognized phytoprotectants that increase stress toler-
ance in plants by helping them to continue their regular cellular metabolic activities 
(Peshev et al. 2013). Sugars also contribute to antioxidant scavenging system during 
stress by producing NADPH needed in glutathione synthesis (Bolouri-Moghaddam 
et al. 2010).

3.4.1  Trehalose

Although present in scarcely detectable amount in most plants, trehalose, a disac-
charide sugar, is one of the major sugar signaling molecules within plant cells. 
During stressful conditions, trehalose stabilizes macromolecules within cells 
(Karim et al. 2007). Trehalose also activates the enzymatic antioxidant defense sys-
tem consisting of superoxide dismutase, peroxidase, and catalase and nonenzymatic 
antioxidants such as total phenolics and ascorbic acid (Shafiq et al. 2015).
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The role of trehalose in the process of regulating response of a  plant against 
salinity stress has been scarcely studied. Trehalose reduces accumulation of reactive 
oxygen species and activates enzymatic and nonenzymatic antioxidant system in 
salinity-stressed plants. Mostofa et al. (2015) applied 10 mM trehalose for 48 h to 
salt-stressed hydroponically grown rice seedlings with an aim to alleviate oxidative 
stress induced by salinity. NaCl application resulted in the appearance of symptoms 
related to salt toxicity including growth inhibition, yellowing and rolling of leaves 
at higher NaCl concentrations, increase in lipoxygenase activity and contents of 
malondialdehyde, hydrogen peroxide, and proline with a decrease in the content of 
ascorbic acid, total chlorophyll, and relative water content. Pretreatment with treha-
lose caused a decrease in the activities of SOD and MDHAR and an increase in the 
activities of CAT, GST, APX, and DHAR compared to no pretreatment, whereas 
showing similar GPX and GR activities. In salt-stressed seedlings, trehalose was 
found to be further enhancing the activities of Gly I and Gly II enzymes involved in 
methylglyoxal detoxifying mechanism and, thus, reducing oxidative stress.

3.5  Sugar Alcohol (Polyols)

Sugar alcohols or polyols including inositol, mannitol, and sorbitol have shown 
ROS scavenging activities (Smirnoff and Cumbes 1989).

3.5.1  Mannitol

Mannitol is a multifunctional molecule showing the capacity to be an osmoprotec-
tant, a radical scavenger, a protein and membrane stabilizer, and a protector of pho-
tosynthesis apparatus under abiotic stress (Seckin et al. 2009). Mannitol-accumulating 
transgenic tomato plants, when exposed to low temperature of 4 °C, showed a sig-
nificant increase in the enzymatic activities of superoxide dismutase and catalase 
(Khare et al. 2010). Similarly, during drought and salinity, these transgenic tomato 
plants exhibited an antioxidative response. Shen et al. (1997) suggested that trans-
genic lines accumulate mannitol in high concentrations in chloroplast that confer 
ability to scavenge endogenous OH• and mitigate cellular oxidative stress due to 
ROS. Considering the role of mannitol in osmoregulation, ROS scavenging, mem-
branes and protein stabilizing, protection of photosynthetic apparatus, its exogenous 
application to the plants –which  do not produce mannitol– might be beneficial. 
Wheat is one of such plants that is not able to synthesize mannitol. Therefore, wheat 
is a very good model plant to study the effect of exogenously applied mannitol. 
Seckin et al. (2009) pretreated seedlings of salt-sensitive wheat cultivar with man-
nitol to investigate its role in moderating salinity stress in wheat seedlings. The 
seedlings were pretreated with mannitol for 24 h and then transferred to NaCl solu-
tion and grew for 5 days. The researchers observed an increase in the activities of 
antioxidant enzymes such as SOD, POD, CAT, APX, and glutathione reductase in 
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pretreated seedlings. There were 11 SOD activity bands observed in mannitol pre-
treated seedlings compared to only 9 in non-pretreated seedlings. Moreover, man-
nitol reduced the otherwise enhanced lipid peroxidation of membranes.

3.5.2  Myoinositol

Myoinositol indirectly scavenges ROS by regulating the synthesis of myoinosi-
tol oxygenase, which is responsible for the conversion of myoinositol to ascorbic 
acid (Lorence et  al. 2004). Similar increase in ascorbic acid content in plants 
over expressing myoinositol oxygenase gene has been observed by Lisko et al. 
(2013) in Arabidopsis. Myoinositol induces antioxidant defense system in plants 
and regulate Na+ to K+ ratio during stress, thus minimizing the inhibition of cel-
lular metabolic activities.

Pretreatment of Malus hupehensis seedlings with myoinositol has been shown 
to markedly alleviate net photosynthesis rate and upregulate the size of stomatal 
aperture during salt stress (Hu et al. 2018). This was also observed that exogenous 
myoinositol pretreatment reduced the accumulation of ROS and uptake of Na+ 
ions, whereas increased the accumulation of sugars or polyols contributing to the 
cells osmoprotection.

3.6  Signaling Molecules

3.6.1  Hydrogen Peroxide

Various adverse environmental conditions cause the formation of H2O2 in plant 
cells. Hydrogen peroxide, on the one hand, is a harmful molecule triggering oxida-
tive stress if accumulated at high concentration, while on the other hand, it takes 
part in plant cell signaling at low concentrations and influences growth and develop-
ment of plant (Quan et al. 2008). Recently, researchers have been pretreating plant 
seedlings with H2O2 at low concentrations to induce tolerance against abiotic stress. 
H2O2 has been found to be involved in several protective pathways to maintain high 
plant survival percentage and effectively improve the growth of plants during 
stresses like salinity, drought, flooding, and high and low temperature (Andrade 
et al. 2018; Sarwar et al. 2017; Kong et al. 2017; Sun et al. 2016; Yu et al. 2003).

H2O2 induces the expression of glutathione S-transferase1 gene and accumula-
tion of Ca2+ ions (Rentel and Knight 2004). Exposure of Arabidopsis seedling to 
H2O2 causes a biphasic elevation of Ca2+, the early Ca2+rise being localized in the 
cotyledons, and late peak within the roots. H2O2 also triggers the activities of anti-
oxidant enzymes and accumulation of reduced glutathione and ascorbate if pre-
treated at low concentrations (Liu et  al. 2010). Similarly, H2O2 treatment also 
facilitates the transcription of heat-shock proteins (Volkov et al. 2006).
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H2O2 coordinates with CAT and APX and enhances nonenzymatic antioxidant in 
salt-stressed plants to mitigate the oxidative damages of abiotic stress. Bagheri et al. 
(2019) pretreated pistachio rootstock seedlings with H2O2 and then subjected the 
seedlings to salt stress for 7  days. Salinity stress reduced vegetative growth and 
ascorbate and carotenoid levels, whereas pretreated seedlings showed improvement 
in growth and maintained higher ascorbate and carotenoids content than non- 
pretreated seedlings. Similarly, H2O2 pretreatment induced the activities of APX 
and CAT and elevated glutathione content. Overall, pretreated pistachio seedlings 
showed better vigor against salt stress that may be attributed to better osmoregula-
tion of H2O2 in harmony with APX and CAT and enhanced ascorbate, glutathione, 
and carotenoid levels.

Heat stress is becoming a global reality in the wake of changing climate. Heat 
stress induces alterations in DNA methylation. H2O2 changes such alteration in 
cytosine methylation levels in genes. Cao et al. (2013) exposed cucumber seed-
lings to heat stress after pretreatment with H2O2 and detected the cytosine meth-
ylation. Heat suppressed seedling growth and caused methylation of multiple loci. 
However, the suppression in growth was reversed by H2O2 pretreatment with 
demethylation of certain loci.

Other than pretreatment of seedling by feeding through the root, another strategy 
of pretreatment is foliar application. H2O2 pretreatment via foliar spray has shown 
the similar mitigation on salt-stressed plant such as improved growth, reduction in 
lipid peroxidation, and activation of plant antioxidant mechanism. Maize seedlings 
were leaf sprayed with H2O2 to stimulate enzymatic antioxidant system for better 
plant growth under salt stress (Gondim et al. 2012). As expected, salinity reduced 
maize seedling growth, but H2O2 pretreatment minimized this effect and stimulated 
growth in salt-stressed plants. The pretreated maize seedlings showed higher CAT 
activity within 48 h, whereas APX and glutathione peroxidase showed late response 
after 240 h. Higher CAT activity was accompanied with low malondialdehyde con-
tent. This suggests that H2O2 pretreatment through foliar application stimulates 
growth and induces antioxidant enzymes to counter the adverse effect of stress.

3.6.2  Nitric Oxide

Nitric oxide is a small and simple gaseous molecule ubiquitously present through-
out the kingdom of plants mostly in radical form. It is an instrumental signaling 
molecule that modulates growth and development of plants during germination of 
seeds, seedling development, flowering, stomatal responses, and senescence. Its 
bioactivity has been mainly observed during adverse environmental condition faced 
by plants. Plants can absorb nitric oxide from the atmosphere and endogenously 
synthesize it in an adequate amount as well. Nitric oxide is synthesized in plants 
both enzymatically and nonenzymatically. Enzymatically, nitric oxide synthase 
catalyzes the dominant pathway to form nitric oxide using L-arginine as primary 
substrate. However, it is synthesized through nitrate nonenzymatically (Palavan-
Unsal and Arisan 2009). Nitric oxide has been widely applied in seed priming and 
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seedling pretreatment techniques to facilitate plants to cope with various abiotic 
stress. Exogenous application of nitric oxide has shown improvement in growth of 
plants seedlings in response to various abiotic stresses (Uchida et al. 2002; Zhang 
et al. 2006; Zhou et al. 2012; Liu et al. 2015).

3.6.3  Hydrogen Sulfide

Although initially thought as a toxic gaseous molecule, multifunctional roles of 
hydrogen sulfide (H2S) within cells have been discovered such as its role as an anti-
oxidative signaling molecule (Ali et al. 2019). In addition to carbon monoxide and 
nitric oxide, H2S is now considered as an important gaseous signaling molecule. 
H2S facilitates the biogenesis of chloroplast, expression of enzymes involved in 
photosynthesis, and modification of thiol redox system, all this translating into high 
photosynthetic efficiency (Chen et al. 2011). Christou et al. (2013) also observed 
that H2S modifies ROS biosynthesis and regulates transcriptional factors involved in 
multiple defense mechanisms to confer tolerance to strawberry plants during salin-
ity and nonionic osmotic stresses. H2S induces growth, germination, and lateral root 
formation (Dooley et al. 2013; Fang et al. 2014).

Heavy metal toxicity is one of the emerging stresses that greatly influence the 
quality of agricultural food products. Phytoprotectants play an important role in 
minimizing the adverse effects of heavy metal toxicity (Islam et al. 2009). Mercury 
toxicity is one of the major yield- and quality-limiting factors in contaminated soils. 
Pretreatment of rice seedling with hydrogen sulfide, a multifunctional molecule, has 
been tested to investigate its role in reducing mercury toxicity damages to rice seed-
lings (Chen et al. 2017). Rice seedlings were pretreated with sodium hydrosulfide, a 
hydrogen sulfide donor, prior to exposing the seedlings to mercuric chloride. The 
pretreatment inhibited the mercury transport to shoots and held the mercury in roots. 
This was achieved due to improvement in transcription of membrane- associated 
transcription factors and expression of thiols and metallothioneins. Hydrogen sul-
fide pretreatment, in the presence of mercury and SOD and CAT inhibitors (diethyl-
dithiocarbamate or 3-amino-1,2,4-triazole), also noticeably improved the seedlings 
growth. Hydrogen sulfide prevents oxidative stress-induced damages as it might 
inhibit or scavenge ROS and suppress malondialdehyde and H2O2 accumulation. 
The findings of this study suggested that hydrogen sulfide retarded mercury toxicity 
by holding it in roots or by scavenging ROS in pretreated seedlings.

Tian et al. (2016) also investigated the involvement of hydrogen sulfide in defense 
mechanism against heavy metal toxicity in millet. Pretreatment with sodium hydro-
sulfide stabilized the membrane integrity and decreased the leakage of electrolytes 
in seedling stressed with cadmium toxicity. Further, levels of malondialdehyde and 
H2O2 were also found to be reduced in pretreated seedling along with higher photo-
synthetic efficiency in cadmium-stressed millet seedlings. Activities and transcript 
levels of pyrroline-5-carboxylate reductase and proline dehydrogenase, enzymes 
involved in proline biosynthesis pathway, were markedly influenced by sodium 
hydrosulfide pretreatment. With using inhibitors for endogenous hydrogen sulfide, 
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cadmium-related increase in proline content shrunk. Proline and hydrogen sulfide 
showed synergistic effect, whereby parallel pretreatment with proline and hydrogen 
sulfide reversed cadmium-stressed suppression of growth, stomatal movement, and 
oxidative injury of millet seedling.

3.7  Antioxidants

3.7.1  Ascorbic Acid

Ascorbic acid is the most abundant antioxidant molecule in plants. Ascorbic acid 
also takes part in activating plant defense mechanism. Ascorbic acid is the primary 
metabolite; other metabolites include glutathione and NADPH in the hydrogen per-
oxide detoxification cycle and, therefore, if needed, it might activate plant defense 
system (Munir and Aftab 2011). Indirect mitigation of oxidative stress by ascorbic 
acid through regenerating and protecting tocopherol and carotene on the surface of 
thylakoid is also important for plant response to stress (Tappel 1977).

Ascorbic acid has been scarcely studied for its role in alleviation of stress induces 
oxidative damages through its seedling pretreatment. Munir and Aftab (2011) pre-
treated nearly 8-week-old in vitro-grown sugarcane seedlings with 0.5 mM ascorbic 
acid containing MS basal media. Afterward, the pretreated seedlings were trans-
ferred to NaCl containing MS basal media for salt stress induction. Pretreatment 
with ascorbic acid led to decrease in yellowing of leaves in NaCl-stressed seedlings. 
Ascorbic acid moderated the enzymatic plant defense mechanism, whereby, gener-
ally, the activities of POD and CAT increased, and activity of SOD decreased. The 
pretreatment also modified plant growth characters like root length and concentra-
tions of osmoprotectants such as soluble proteins.

3.7.2  Melatonin

N-Acetyl-5-methoxytryptamine (melatonin) is a low molecular weight tryptophan- 
derived molecule, which is recognized as an important and multifunctional antioxi-
dant and signaling molecule in plants (Erland et al. 2017). It is present almost in all 
organisms. During the early life forms, melatonin primarily was a ROS scavenger 
acting as a potent antioxidant such as in unicellular organisms; however, its second-
ary role evolved as a signaling molecule (Tan et al. 2015). Melatonin is induced even 
during moderate oxidative stress, and its secondary and tertiary derivatives are also 
potent ROS scavenger; one melatonin molecule is considered to reduce up to 10 
ROS compared to ≤1 by other antioxidants (Tan et al. 2015). Therefore, melatonin 
is more efficient in protecting cells under oxidative stress than other antioxidants. 
Melatonin is also considered to enhance resistance against heavy metal toxicity in 
plants. Vanadium is one such heavy metal which, although present universally on 
earth, has not been explored enough for its effects on plants. Nawaz et al. (2018) 
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investigated the pretreatment of watermelon seedlings with melatonin to sustain the 
growth and development of seedlings when these were subsequently subjected to 
vanadium toxicity. The pretreatment with melatonin led to higher levels of relative 
chlorophyll, photosynthetic assimilation, and better plant growth compared with 
non-pretreated seedlings. The pretreatment reduced the vanadium levels in seedling 
leaf and stem and reduced its transport from the root to shoot system (Nawaz et al. 
2018). As for enzymatic antioxidant system, melatonin stimulated the activities of 
SOD and CAT and reduced malondialdehyde and H2O2 content. These effects of 
pretreatment were attributed to ability of melatonin to regulate gene expression for 
SOD, POD, APX, glutathione peroxidase, and glutathione S-transferase.

Melatonin is found naturally in plants and plays important role in maintaining the 
growth and development of plant during adverse environmental conditions. 
Especially, it aids in the development of roots, scavenges ROS, accumulates osmo-
regulatory substances, and increases the biomass of salinity-stressed seedling (Zeng 
et al. 2018). If rapeseed seedlings are pretreated with melatonin before exposing to 
salt stress, it diminishes the inhibitory effects of salinity on growth by facilitating the 
increase in fresh and dry weights of shoots and roots (Zeng et al. 2018). Moreover, 
antioxidant enzyme activities of POD, CAT, and APX enhanced, and hydrogen per-
oxide levels decreased in the rapeseed seedlings pretreated exogenously with mela-
tonin. In pretreated seedling, accumulation of stress retarding phytoprotectants 
including soluble proteins, proline, and water-soluble glucan was also encouraged.

Melatonin has shown potential to reverse the growth inhibition caused by other 
abiotic stresses such as salt stress. Zeng et al. (2018) pretreated rapeseed seedling 
with 30 μmol L−1 melatonin and then subjected the seedlings to salt-induced stress. 
The pretreatment stimulated the growth that was otherwise inhibited in non- 
pretreated seedlings. This was indicated by the increase in fresh and dry weights of 
the shoot and root of pretreated seedlings. Similarly, the activities of enzymes 
involved in antioxidant defense mechanism such as POD, CAT, and APX enhanced, 
whereas H2O2 content decreased in pretreated seedlings compared to in  non- 
pretreated seedlings. One of the important advantages of melatonin pretreatment is 
its osmoregulation through accumulation of phytoprotectants as shown in this study, 
whereby concentration of proline, soluble sugars, and soluble proteins increased. In 
conclusion, melatonin facilitates scavenging of H2O2, enhancement of antioxidant 
enzymatic activities, production of osmoregulatory substances, and improvement of 
root and shoot growth under salt stress.

Chilling injury to the plants is one of the drawbacks of changing environmental 
conditions with extremes of temperatures that limits the yield of agricultural plants. 
Pretreatment with phytoprotectants is one of the effective strategies to counter chill-
ing injury and sustain growth and yield of plants. In one of such studies, melatonin 
was used to pretreat tomato seedlings to ameliorate cold damage caused by low 
temperature (Ding et al. 2017). With less electrolyte leakage and malondialdehyde 
levels and higher antioxidant enzyme activities, nonenzymatic reducing agents were 
noted in melatonin-pretreated seedlings under low temperature stress. Similarly, in 
pretreated seedlings, cold-response-associated genes were upregulated, and the 
gene encoding sedoheptulose-1,7-bisphosphatase (a Calvin cycle enzyme) was 
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noticeably expressed in pretreated seedling during low temperature stress which 
was also confirmed by increase in assimilation of photosynthetic carbon. Further, 
levels of other phytoprotectants such as proline, sucrose, and polyamines also 
increased, all this providing evidence of the mitigating ability of melatonin for low 
temperature-stressed plants.

4  Conclusion

Phytoprotectants are the class of bioactive compounds that have shown the capacity 
to enable plant to withstand against abiotic stress. Seedling pretreatment prepares 
the seedlings for abiotic stress and has been proven to be an effective strategy that 
can be utilized in the scenario of changing environmental patterns. Various catego-
ries of phytoprotectants including polyamines, signaling molecules, antioxidants, 
amino acids, quaternary ammonium compounds, sugars, and sugar alcohols have 
shown that these compounds are species specific and in some cases stress specific. 
Further, testing a phytoprotectant for its suitability for a certain species under a spe-
cific stress will extend the knowledge of this already well-explored research area.
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Abstract Under abiotic and biotic stress conditions, the first and foremost effect on 
crop is reduction/poor seed germination, which results in poor crop stand and ulti-
mately results in poor crop production. Seed priming proved to be a promising 
approach to alter the seed hydration and nutrition level for better germination, 
improved and synchronized crop stand, and better crop yield in normal and stress 
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conditions as well. Abiotic and biotic stress rejuvenates the oxidative stress in 
 different plant cellular compartments due to production of reactive oxygen species 
(ROS) as by-product of plant metabolic processes. To overcome the damaging 
effects of ROS, plants naturally develop antioxidant defense system within the plant 
body through production of enzymatic and nonenzymatic antioxidants to regulate 
oxidant and antioxidant balance in plants. Different types of seed priming tech-
niques like hydropriming, nutrient priming, thermopriming, osmo-priming, etc. 
help protect the plants from oxidative stress by production of antioxidants for ROS 
scavenging to control lipid, DNA, and protein oxidation within the plant body. Seed 
priming found to be an operative approach to improve antioxidant defense system 
in the plant body and had promotive advantages to advance seed germination, plant 
vigor, and crop stand and overcome nutrient deficiency and minimize the negative 
impacts of stress conditions. In this chapter, we have reviewed promotive effects of 
seed priming and seedling pretreatment to improve antioxidant defense system in 
the plant body under stress conditions and role of seed priming in reducing the ROS 
production and ROS scavenging to maintain oxidants and antioxidant balance in 
plant’s cellular compartments.

Keywords Seed priming · Seedling pretreatment · Oxidative stress · Antioxidant 
defense system

1  Introduction to Seed Priming

Manipulation/alteration and management of seed hydration level in controlled con-
ditions to enhance the seed sprouting is known as seed priming (Murungu et  al. 
2004). It is a technique which may help the seed to better germinate in soil under 
unfavorable moisture and temperature conditions. Seed priming initiates metabolic 
processes within the seed for germination that results in uniform and rapid plant 
stand. Priming synchronizes the germination process to improve crop stand in sub- 
optimal temperature conditions and under low temperature may effectively improve 
seed germination and seedling establishment (Afzal et al. 2008). There are different 
types of seed priming like hydropriming, osmo-priming, hormonal priming, 
halopriming, thermopriming, chemical priming, redox priming, biopriming, and 
nutrient priming (Jisha et al. 2013; Paparella et al. 2015) that can be employed for 
speedy, enhanced, and synchronized seed germination (Ozden et al. 2017).

Under stress conditions of drought, salt and/or nutrients, production of cereal 
crops is limited due to poor germination and poor crop stand. The negative effects 
of such stress conditions on seed germination can be minimized through seed prim-
ing. The type of seed priming is also dependent on the type of stress delaying the 
seed germination. Generally, seed priming is the hydration of seeds to a certain level 
for easy germination; and in some conditions, treated or hydro-primed seeds are 
dried to their original moisture contents, resulting in rapid germination in field con-
ditions, i.e., normal or stress conditions (Ashraf and Foolad 2005). If any seed lot is 
found to have deficiency of one nutrient or certain nutrients, then the seed is primed  
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or pretreated with nutrient solutions containing the deficient nutrient(s). Nutrient 
priming has supplemented advantage of improved nutrient supply from seed for 
seedlings along with primed/hydrated seed (Asgedom and Becker 2001). Studies 
have shown that different nutrient primings have considerable results. Like, priming 
of seeds with phosphorous (P) has shown support at early growth stages and stimu-
lated seedling growth in calcareous soils (Peltonen-Sainio et al. 2006; Abdulrahmani 
et al. 2007). Zinc solution priming and Zn dressing of seeds for Zn-deficient soils has 
enhanced root and shoot biomass and crop production (Yilmaz et  al. 1998). 
Similarly, seed hydropriming in drought conditions has minimized crop failure risks.

2  Effects and Causes of Seed Priming

Prevalence of biotic and abiotic stresses poses adverse effects on seed germination, 
seedling establishment, plant growth and development, and crop yield. Such stress 
conditions are proved to be unfavorable growth conditions for plant growth and 
result in overproduction of ROS that causes oxidation of cellular components like 
protein, lipids, and nucleic acid. These unfavorable growth conditions determine the 
need for seed and seedling treatment that have promotive effect on seed germina-
tion, seedling establishment, and plant growth and development to enhance crop 
yield. Different types of seed treatments are in practice to enhance the tolerance to 
abiotic stresses and environmental conditions that include seed priming, presoaking 
hydration, seed coating techniques, seed pelleting and rounding, seed conditioning, 
etc. (Hoseini et al. 2013). Seed priming is a practical and facile approach to enhance 
the tolerance to biotic and abiotic stress conditions (Paparella et al. 2015). Studies 
have shown multiple effects of seed priming on crops including improvement in 
seedling establishment in rice sown in waterlogged conditions, improvement in 
ROS scavenging in seeds by the activation of SOD and CAT enzymes, and rapid 
carbohydrate metabolism (Ella et al. 2011). Hydropriming or presoaking of seeds 
and then drying after soaking resulted in better germination percentage, seedling 
emergence, and plant biomass (fresh and dry weight) (Ozden et al. 2017). Multiple 
effects of different seed priming techniques were considered in several studies, and 
major priming effects include enhanced, rapid, and synchronized germination, 
healthy seedling establishment, better plant vigor, and increased crop yield in 
stressed environments.

3  Seed Priming in Relation to Antioxidant Defense in Plants

Plants naturally develop a number of defense mechanisms against biotic and abiotic 
stresses by producing antioxidants inside the plant body. Antioxidant refers to any 
substance that significantly delays or avoids cell components’ (DNA, proteins, lip-
ids, etc.) oxidation from reactive oxygen species (ROS) or free radicals when 
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present in low concentrations (Gupta and Sharma 2006; Fig. 1), and at higher con-
centration, it controls/minimizes the generation of ROS. Due to biotic and abiotic 
stress, as a result of metabolic processes, ROS are produced in different parts of the 
plant body and impose oxidative stress due to imbalance between oxidant and anti-
oxidant in favor of the oxidant inside the plant body (Valko et  al. 2006). When 
plants are exposed to different biotic or abiotic stress conditions like nutrient defi-
ciency, salt stress, drought/water deficiency, air pollution, or high/low temperature, 
the level of ROS generation in different plant’s cellular compartments (like chloro-
plast, peroxisomes, or mitochondria) increases, resulting in the activation of the 
antioxidant defense system (Gill and Tuteja 2010). To minimize/cope with unfavor-
able effects of ROS and oxidative stress, plants display enzymatic and nonenzy-
matic low molecular weight antioxidant defense system for scavenging of ROS and 
free radicals inside plant’s cellular compartments (Ahmad et al. 2015).

A number of studies were conducted to assess the effects of seed priming on 
germination, crop stand, crop vigor, and changes in antioxidant defense mechanism 
after priming the seeds with different priming techniques as production and detoxi-
fication of ROS have its key importance in plant response to different stress condi-
tions. Hydropriming of seeds  proved to be an effective approach that results in 
enhancement of seedling emergence from seed, seedling health, and enhanced level 
of tolerance to environmental and other stress conditions (Paparella et al. 2015). 

Fig. 1 ROS-induced oxidative stress and antioxidant potential in plants. (Adopted from Kasote 
et al. 2015)
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Primed seeds also resulted in the vigorous plant seedling and enhanced tolerance to 
prevailing stress conditions because of the regulated osmotic adjustments, improved 
energy balance of plants, large size of the embryo, faster and efficient enzyme acti-
vation, and speedy antioxidant defense in response to stress or enhanced production 
of ROS (Jisha et al. 2013). Seed priming is also proved to be an effective and prom-
ising approach to generate plant tolerance to chilling or freezing stress, as chilling 
stress favors the oxidative conditions inside cellular compartments and seed prim-
ing results in activation of antioxidant defense in plant cells by rapid activation of 
cellular enzymes (Xu et al. 2011; Hussain et al. 2016a, b).

In a recent study, Hussain et al. (2016a, b) examined the response of rice seed-
lings in different nutrient regimes and chilling stress with seed thermopriming and 
nutrient priming to analyze the production and detoxification of ROS along with 
seedling growth. They found fluctuations in enzymatic and nonenzymatic antioxi-
dant production within rice seedling, and total antioxidant capability in rice leaves 
was activated in response to nutrient deficiency or deprivation condition. They con-
cluded that seed priming regulated the total antioxidant capability in chilling and 
nutrient deficiency stress conditions and found significantly higher antioxidant 
capability because of nutrient priming. Seed priming proved to be an effective 
approach to improve seed germination and plant vigor through activation of enzymes 
that play a key role in plant growth and development, e.g., amylases, proteases, and 
lipases (Ashraf and Foolad 2005).

4  Effect of Seed Priming and Seedling Treatment on Plant 
Growth and Yield Parameters

Life cycle of crops plants is the combination of different growth and development 
stages of plant that includes germination stage, seedling stage, vegetative growth 
stage, flowering stage, reproduction stage, and regeneration stage. After regenera-
tion, plants repeat its life cycle from newly produced seeds from first generation to 
second generation and so on. Germination stage is considered as one of the most 
important stages in plant life cycle. The nature and type of germination determine 
the quality of seedling establishment, growth, and development of plants. 
Germination is thought to be a complex process which starts from water uptake, and 
by utilizing the dry seed mass, a metabolically active seedling emerges. Once 
embryonic axis emerges from the embryo and that stage is considered as the final 
stage of germination (Bewley et al. 2013). Germination including seedling emer-
gence and plant growth/establishment is a very important feature of agricultural, 
horticultural, and higher plants and also has great significance for seed and seedling 
vigor.

Different priming techniques are being used nowadays, and each priming type 
may have varying results depending on various factors including the plant type, 
plant development stage, concentration of priming agent, and period of application. 
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But researchers are more focused to uniform and rapid germination and seedling 
emergence and plant establishment (Tzortzakis 2009). Priming controls the metabo-
lite leakage from seed, allows DNA replication, fosters protein and RNA synthesis, 
and ultimately promotes seedling growth and establishment (McDonald 2000). 
Seed priming with plant growth regulators is one of the effective methods of seed 
treatment and found to create resistance against plant stress response (Pedranzani 
et al. 2003) and promote cell elongation and cell division to enhance plant growth 
and plays its role in germination, vegetative growth, flowering, and seed develop-
ment (Golenberg and West 2013). Seed treatment with salicylic acid enhances the 
plant defense mechanism against biotic and abiotic stress which is well understood 
(Ghassemi-Golezani and Hosseinzadeh-Mahootchi 2015). Under osmotic and non- 
osmotic stress conditions, hormonal priming and halopriming improve all germina-
tion traits, and if no stress prevails, then such priming results in maximum 
germination percentage, healthy seed vigor, vegetative growth, and conversion effi-
ciency of seed reserve to seedling tissues (Balouchi et al. 2015). Halopriming of 
seeds (treatment with KNO3) and treatment with gibberellic acid (GA3) proved to be 
an economic and easy application that results in rapid and uniform germination and 
seedling emergence and proved to be a great initiative for plant development in 
greenhouses and nurseries. Such technique could be favorable for farmers produc-
ing mass plant stock (Tzortzakis 2009).

Studies have also found that different concentrations of priming agents and prim-
ing/treatment time also have varying effects on seed germination ratio, germination 
time, plant growth, development, and vigor. Pulok et al. (2014) conducted a study 
with different types of priming agents (gibberellin, lemon juice, and tamarind leaf 
extract) in varying concentrations with different priming/pretreatment durations and 
found that gibberellin at 30 ppm and 12 h of treatment time produced high germina-
tion index, while gibberellin at 30 ppm with 6 h treatment duration resulted in high 
germination speed for cowpea crop. Such studies indicate that type of priming 
agent, concentration and duration of priming are specific to crop and type of stress 
(biotic and abiotic stress). Thus, same type of priming concentration and duration 
may not produce the desired results and in some instances may have harmful effects 
on germination, seedling establishment, plant growth and development.

Seed priming proved to be a facile technique to ensure fast and uniform germina-
tion, improved seedling vigor, and enhanced crop yield of multiple field crops under 
stress conditions (Paparella et al. 2015). Seed priming results in higher crop yield 
through better crop stand by improving germination, promoting the repair of meta-
bolic functions during seed imbibition (Farooq et al. 2006; Hussain et al. 2015) and 
osmotic adjustments during unfavorable environmental conditions. Several studies 
have indicated that plants grown through primed seeds exhibit better tolerance to 
biotic and abiotic stress conditions through the activation of the cellular defense 
system (Jisha et al. 2013).
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5  Seed Priming and Antioxidant Production in Plants

Enzymatic antioxidants like catalase (CAT), ascorbate peroxidase (APX), guaiacol 
peroxidase (GPOX), and nonenzymatic antioxidants like ascorbic acid production 
inside the plant body proved to be enhanced as a result of seed priming or pre- 
sowing seed treatment to minimize the detrimental effects of oxygen-generated 
ROS (Scandalios 2005). Seed treatment with ascorbate (AsA) is found to have 
reduction in ROS-generated oxidative stress through the activation of antioxidant 
enzymes including catalase (CAT), ascorbate peroxidase (APX), and glutathione 
reductase (GR) in different cellular compartments like mitochondria and cytoplasm. 
Ascorbate (AsA) seed treatment also had reductive effect on activity of glutathione 
peroxidase (GPOX) (Alcântara et al. 2015). Samota et al. (2017) conducted a study 
on drought tolerance of drought-tolerant and drought-susceptible rice cultivars and 
found that antioxidant enzymes SOD, CAT, and POD activity in both types of vari-
eties increased sufficiently with seed priming in the presence of drought stress. 
Enhanced activity of antioxidant enzymes and proline contents increased the toler-
ance of rice cultivars to drought.

6  Promotive Effects of Seed Priming on Antioxidant Defense 
System in Plants

Abiotic stresses like salinity, drought, chilling/freezing, heating, and flooding and 
biotic stresses including stress due to bacteria, viruses, fungi, parasites, insects, 
weeds, and other native or invading plants cause oxidative damage to plants. Several 
studies were conducted globally to assess the level of these biotic and abiotic stress 
conditions on oxidative damage to plants and activation of antioxidant defense sys-
tem in plants as individual or cumulative effect of such stresses in plants’ body. 
Abiotic stresses produce ROS in higher concentrations and ROS cause oxidation of 
lipids, proteins, and DNA and cause  oxidative stress (Gill and Tuteja 2010). 
Antioxidant defense system in plants comprises of enzymatic antioxidant defense 
through activation of superoxide dismutase (SOD), catalase (CAT), guaiacol per-
oxidase (GPX), ascorbate peroxidase (APX), glutathione reductase (GR), etc., 
while nonenzymatic antioxidant defense includes production of ascorbate (AsA), 
glutathione (GSH), and tocopherols, proline, carotenoids, phenols, tannins, etc. to 
protect the plants from uncontrolled oxidation and avoid the oxidative damage due 
to ROS-induced oxidative stress (Anjum et al. 2015; Chen et al. 2015).

Hydropriming, chemical priming, and hormonal priming are found to have 
 stimulatory effect or at least result to maintain antioxidant defense system in rice 
seedlings through significant reduction in production of ROS (Hussain et al. 2016a, 
b). Presence of abiotic stresses like salinity negatively alters the antioxidant defense 
in plants, and hormonal priming with salicylic acid improves the activities of SOD, 
CAT, and AsA contents in plants cells in wheat cultivars that positively contribute in 
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plants’ antioxidant defense system (Afzal et al. 2011). Under water deficit condi-
tions, hydro-primed seed with hydrogen peroxide (H2O2) results in improved anti-
oxidant defense system and reported higher levels of CAT, APX activity, and proline 
contents (He et al. 2009). Chilling stress usually results in inhibitory effects on anti-
oxidant defense system due to overproduction of ROS. Osmo-priming with calcium 
chloride, redox priming with H2O2, chemical priming with selenium, and hormonal 
priming with salicylic acid have proved triggering effects on antioxidant enzymes 
like SOD, POD, CAT activity, and GSH contents in rice seedlings under chilling 
stress (Hussain et al. 2016a, b). The increased production of antioxidants under abi-
otic stress conditions due to seed priming enhances the level of ROS scavenging and 
helps in reduction of ROS concentration in plant cellular compartments, which help 
improves the naturally developed antioxidant defense system in the plant body.
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