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Abstract

In the current scenario of climate change, numerous strategies have been employed in the area
of sustainable agriculture or plant science to generate plants which can withstand various types
of biotic and abiotic stresses. Currently a range of biotic and abiotic stresses such as cold,
draught, salinity, water deficit, or extreme pH is present that directly or indirectly influence the
germination, growth and productivity of crops. Seed priming has been developed as a crucial
method to germinate the seed or increase plants resistance against various biotic and abiotic
stresses. Seed priming is the induction of a particular physiological state in plants by the

treatment of natural and synthetic compounds to seeds before germination.

Seed priming with microbial inoculum, termed as ‘bio-priming’, involves the application of
beneficial microbes, such as bacteria, fungi actinomycetes, to seed that enhance the uniformity,
establishment and growth of various crops. Seed bio-priming allows the bacteria to enter/adhere
to the seeds and also acclimatization of microbes in the prevalent conditions. Seed priming with
the use of endophytic microbial strains appears as more beneficial or stable than rhizospheric
microbial strains due to better colonization adaptability and suitability under biotic and abiotic

stress conditions.

Keywords: Abiotic stress, Bio-priming, Endophytes, Diazotrophy, Rhizophagy cycle, Seed
priming, Sustainable agriculture



Introduction

The continuous rise in global population is one of the most severe problems that influence
agriculture sectors and creates pressure to researchers as well as farmers to meet human demand
for food in limited resources of land and changing climatic conditions. In this context improved
quality of seed to fulfill the higher demand of agriculture has been recognized as a major
challenge globally. Slower growth of developing seedlings under various abiotic factors (harsh
environmental conditions) or biotic factors (pathogenic microorganisms) limits the growth and
yield of crops; development of techniques for fast and homogeneous growth of seeds could be a
sustainable approach for better agricultural productivity (Osburn and Schroth 1989). In this
aspect, improving the quality and germination and establishment of seed through ‘seed priming’
is a sustainable approach to enhance yields and performance of plants (McDonald 2000).
Interestingly, primed seeds have been demonstrated to withstand the numbers of abiotic and

biotic stresses leading to enhanced seed emergence along with crop productivity.

The term ‘seed priming’ first proposed by Heydecker et al. (1973) was described as an effective
technology for the enhancement in the growth and vigor of plants through uniform emergence
and better establishment of seed. Generally during seed priming, seed has been dipped inside the
limited amount of water, inorganic solutions or osmo-protectants for a particular period of time
that leads to significant changes in the physiological or metabolic profile of seedlings as well as
increase the capacity of seedlings to withstand stress exposure (Tanou et al. 2012; Hussain et al.

2016).



Various reports show beneficial effect of seed priming via uniform or early germination,
increased nutrient extraction, reduced seed dormancy, etc (Taylor and Harman 1990; Bruce et
al. 2007; Hill et al. 2008; Farooq et al. 2009; 2019). According to the published studies, It has
been broadly mentioned that priming of seeds mitigates the adverse impact of various biotic such
(phytopathogens, plant diseases; Van Hulten et al. 2006), and abiotic (drought, salinity, flooding)
stress factors, that affect the physiology and metabolism of plants via different mechanisms
(Kausar and Ashraf 2003; Basra et al. 2005; Guan et al. 2009; Nayaka et al. 2010; Sharma et al.
2014; Kumar et al. 2016). In some cases priming of seeds modulates their biochemical status

through improving a-amylase activity even in the low range of temperature (Anaytullah, 2007).

Currently, different priming techniques such as hydro-priming, osmo-priming, solid matrix
priming, nutria-priming (Majda et al., 2019), chemo-priming, thermo-priming, and bio-priming
(Panuccio et al., 2018) are being used in order to improve seed characteristics, plant productivity
as well as alleviate many environmental stresses (Paparella et al., 2015). Each technique has
certain limitations and advantages, many reports are also available regarding seed priming that
showed beneficial or deleterious effects of priming (Tarquis and Bradford, 1992). The selection
of a particular methodology to induce seed germination is determined by the selected plant
species, seed attributes, and procedures employed for priming (Ellis and Butcher, 1988; Hill et
al., 2008; Ibrahim, 2016; Paparella et al., 2015). The use of microbes for seed priming is a viable
and promising approach in the context of improvement in seed characteristics under changing
environmental conditions. Seed bio-priming involves the integration of beneficial microbes
including bacteria and fungi for improved plant growth and development. In addition, the
microbe or plant derived secondary metabolic products like phytohormones and plant extracts

(Panuccio et al., 2018) have also been documented for seed priming (Hamayun et al., 2010).



Some of the commonly reported microbes for seed priming are species of
Trichoderma, Enterobacter, Pseudomonas and Bacillus (Raj et al., 2004). Positive influences of
vegetable seed bio-priming based on treatment with strains of 7richoderma harzianum over other

bacterial and fungal species has been reported by Ilyas (2006).

Endophytes:

It has been established that many of the applied bacterial, fungal, and mycorrhizal species
(Balestrini et al., 2018) develop intimate endophytic association with seed of interest for priming
and help considerably in overcoming the negative consequences of imposed by various stress
factors (Waller et al., 2005). To date, various endophytic bacterial (Joe et al., 2012) and fungal
strains have been identified and applied as plant or seed inoculants to enhance the growth and
yield of crops. The intimate symbiotic interaction of endophytic bacterial species with host plants
offers vast applicability as a potential tool in the agriculture sector in a sustainable manner to
improve the crop growth and yield (Prasanna etal.,, 2012). Most importantly, endophytic
bacterial strains equipped with nitrogen fixing capability may be well-suited candidates for
agricultural improvement strategies because they may provide plants with additional nitrogen
(Reinhold-Hurek and Hurek, 1998). Such diazotrophic bacteria, have also been documented for
their growth promotion ability including synthesis of phytohormone, siderophores, solubilization
of phosphate, restriction of ethylene biosynthesis and induction of resistance against different
plant pathogens (Jha and Kumar, 2009), indicating their suitability for crop growth and yield
improvement. Further, the capacity of some root endophytic microbes to alternate between root
and soil phases and vector nutrients (nitrogen and soil minerals) to plants from the soil in the
rhizophagy cycle (White et al., 2018; see Chapter 1), makes these endophytes good candidates

for overall enhancement of the nutritional status of crops. Rhizophagy cycle microbes have also



been shown to be important in stimulation of seedling development (Verma et al., 2017); seeds
without these endophytes often possess roots that fail to show proper gravitropic response, where
roots lay on the surface of soils, and do not form root hairs (Verma et al., 2017). It is evident
that plants naturally depend on endophytic microbes for proper development, nutrient

acquisition, growth and health (Verma and White, 2019).

Seed priming with endophytic microorganisms due to inherent properties of growth promotion,
like phytohormone production, induction of resistance, and tolerance to various abiotic and biotic
stresses, could be utilized as an important ecofriendly approach to mitigate the problem of
resistance development in plant pathogens as well as for the improvement in crop productivity.
However, there are certain limitations of field application of primed seeds in management of
crop productivity. The present chapter has been designed with the aim to explore the potential
ability of diverse endophytic microbes in seed priming to achieve the goals of sustainable
agriculture, methods to overcome limitations associated with field applications along with future

perspectives.

Types of seed priming:

There are various types of seed priming techniques are present, some of them are discussed

below

Hydro-priming: This technique used for initiating seed germination without emergence of
radicle that involves continuous or successive addition of limited amount of water to the seeds
under the temperature ranging in between 5 to 20 °C ((McDonald, 1999). The hydro-priming
technique is generally used at that agricultural sites where climatic conditions are adverse

(McDonald, 2000).



Halo-priming: In this technique, seeds have been immersed in various solutions of salts such as
NaCl, KNO;, CaCl,, CaSO4 etc to start the germination of seed even in the adverse
environmental conditions and this treatment enhanced the salinity tolerance as reported in case of
wheat by Basra et al. (2005). The priming with potassium nitrate and sodium chloride solutions,
causing reduced water potential and increased water absorption by accumulating within the seeds
(Parera and Cantliffe, 1994). Similarly working on Vigna radiata L. seeds, Jisha and Puthur
(2014) transformed the NaCl tolerant variety into more salt and drought tolerant by priming the
seeds. Further, their study also showed better and enhanced tolerance capacity of sensitive
variety against NaCl and PEG (polyethylene glycol) stress. This simple and economic halo-

priming technique has been used acclimate plants under various stresses (Sedghi et al. 2010).

Osmo-priming: In this technique, seeds are dipped in the sugar, polyethylene glycol (PEG),
glycerol, CaCl, solutions for a fixed interval of time (Tabassum et al., 2017) sorbitol, or mannitol
followed by air drying before sowing. Normally, after dipping, Water enter inside the seed that
may lead to progressive accumulation of ROS (reactive oxygen species) and oxidative damage of
cellular components. Osmo-priming checks oxidative injury caused by ROS by delaying the
entry of water (Heydecker and Coolbear 1977; Taylor et al. 1998). Osmo-priming appears
beneficial for the germination of seed as well as crop performance under both saline and non-
saline conditions (Tabassum et al., 2017). In a study Hur (1991) reported treatment of Italian
ryegrass (Lolium multiflorum) and sorghum (Sorghum bicolor) seeds with 20% PEG-8000 for 2
days at 10°C enhanced the rate of germination, under waterlogged, cold-stress, or saline
conditions. Thus, osmo-priming may contribute to improved germination rate in part by

increasing various enzyme activities.



Solid matrix priming (SMP): It is also known as ‘matri-priming’ or ‘matri-conditioning’
technique. This technique has been also used as an alternative of osmo-priming because of less
expense, lower volume of osmotic solution and also of temperature and aeration control. In solid
matrix priming, seeds have been mixed with solid materials of organic or inorganic origin such
as calcium silicate, calcined clay, vermiculite with known water proportion, all these procedures
carried out in a sealed container that permits air circulation and avoids excessive evaporation

(Harman and Nelson 1994; Rogis et al. 2004; Hacisalihoglu 2007; Ermis et al. 2016).

Hormonal priming: This is the priming technique in which the seeds have been pretreated with
different hormones such as salicylic acid, gibberellic acid, kinetin, which promote the growth
and development of the seedlings. There are various reports that show the effectiveness of

hormonal priming (Hamada and al-Hakimi, 2001; Hussein et al., 2007 Afzal et al., 2006)

Chemo-priming: In this technique priming of seed is caused by adding conventional
disinfectants like sodium hypochlorite, HCI, and also some agrochemicals to prevent microbial
contaminations in the priming solutions (Parera and Cantliffe, 1990). Although treatments with
NaOCl and HCI solutions reduce losses in germination in comparison to losses caused by
pathogens. Furthermore researches have been carried out to critically evaluate the benefit or

losses caused by chemo-priming.

Thermo-priming: In this technique seed has been treated at various time intervals before
sowing. It is already proved that treatment of seed with altering temperature results in better seed
germination as compared to regular constant temperature (Shin et al. 2006; Markovskaya et al.,
2007). Altering temperature can break seed dormancy and this technique is popular in improving

germination efficiency under adverse climatic conditions (Huang et al. 2002). Alternating



temperature of pre-sown treated seed of cucumber and melon, enhances the productivity of
plants (Markovskaya et al. 2007). The variation in the ambient temperature influences
thermosensory pathway that results in changes in flowering time (Franklin 2009). The nature of
the temperature such as hot (Khalil and Rasmussen 1983) and cold (Runkle et al., 1999; Garner

and Armitage, 2008) temperature also influence or modulate the time of flowering.

Bio-priming: It is the latest techniques in which seeds have been treated with biological means
like beneficial microorganism to protect the seed from diseases or also enhanced the growth and
seed germination by modulating various growth hormones (Farooq et al. 2017). The term bio-
priming was firstly used by Callan et al. in 1990, during the experiment, in which they coated
sweet corn seeds with a bacterial strain. Later on numerous reports have been published that used

this techniques to improve seedling growth.

Bio-priming plays an important role in improving germination and viability of seed, growth and
yields of plants (Prasad et al. 2016; Bhatt et al. 2015). Like other priming techniques, this helps
in improving physiological processes at the pre-sowing phase and also in the multiplication of
applied microbes at the area of seed surrounding (Taylor and Harman 1990). It has been found
that bio-primed seed is able to provide a better level of protection against various diseases of
plants compared to seed treated with various pesticides. The application of endophytic microbes
such as bacteria or fungi through bio-priming techniques has potential benefits over traditional
priming techniques as because it have sufficient time and environment for the successful

colonization inside the seeds.

Factors affecting seed priming processes



The priming of seed may be influenced by various factors such as aeration, quality of seed,

temperature, temperature, light, duration (Parera and Cantliffe 1994; Bray 1995).

Aeration is one of the prime factors responsible for the emergence of seedlings and viability of
seeds (Heydecker et al. 1975; Bujalski and Nienow 1991). However, the impact of aeration
varies with plant species. In a case study of onion, aeration of the PEG solution enhanced the rate
of germination in comparison to non-aerated treatments (Heydecker and Coolbear 1977; Bujalski
et al. 1989) whereas no impact was found in case of lettuce germination in the aerated and non-

aerated K5;PO4 (Cantliffe 1981).

Temperature is also one of the important factors that influence seed priming. The range of
temperatures during priming varies between 15 and 30°C, but in most plant species priming at
15°C improves overall performance of seed (Bradford 1986; Basra et al. 2005). The lower range
of temperature generally slows down the rate of germination (McDonald 2000). Similarly, the
impact of light on seed priming is also one of the factors that influences rate of dormancy. In a
study Khan et al. (1978) reported that illumination at the time of priming of celery seeds may
reduce the rate of dormancy, whereas Cantliffe et al. (1981) reported germination of lettuce seed

in the dark enhances performance.

Role of endophytes in seed priming

Nature harbors a large diversity of microbial communities, among them endophytes have
received increasing attention worldwide because of their promising hidden potential against
various biotic and abiotic stress factors, and also their potential applications in growth
promotion of plants via modulating growth hormones, nutrient availability, siderophore

production, etc. Devoid of their endophytic microbes, seeds of plants do not have the capacity to



withstand the stresses caused by various abiotic and biotic factors. The uses of endophytic
microorganisms in priming could serve as a viable option to circumvent the limitations
associated with seed. Priming has been supposed to induce cellular metabolic processes, hence
exposure to any detrimental environmental factors would allow them to respond rapidly and
nullify the stresses in an effective manner as compared to non-primed seeds. Further, seed
priming with beneficial endophytic bacterial and fungal species may enhance crop productivity

significantly.

Application of root endophytic fungi Piriformospora indica belonging to class basidiomycetes in
order to enhance the disease resistance, tolerance to salinity stress and increase in grain
productivity of barley (Hordeum vulgare L) is documented (Waller et al., 2005). Endophyte
mediated induction of disease resistance was observed to be systemic in nature. The improved
defense responses were demonstrated to result from the enhanced antioxidative behavior
conferred by ascorbate-glutathione cycle, leading to increase in grain productivity. The fresh
shoot weight of four-week-old endophyte infested barley was recorded to be 1.65 fold higher
compared to the control group. The grain yield increase for two different barley cultivars i.e.
‘Annabell’ and ‘Ingrid’ was found to be 11 and 5.5%, respectively and was attributed mainly to
the rise in number of ears per plant. Thus, the increase in shoot fresh weight was directly
correlated with the increase in grain yield. Interestingly, the endophyte was also capable of
enhancing grain yield in soil systems receiving high nitrogen input. The easy in vitro cultivation
of the Piriformospora indica without the requirement of host cells suggests the effective

utilization of fungus for improving the resistance against plant diseases and enhanced grain yield.

Induction of seedling growth in the wheat by inoculation with plant growth promoting

endophytic bacterium Bacillus subtilis strain 11BM is presented (Egorshina et al., 2012). The



inoculation with endophyte was found effective in increasing root and shoot weight as compared
to control sets. Wheat seeds treated with endophyte spores culminated into the transient rise of
hormonal status of IAA and IBA in the seedlings of root as well as shoot. The considerable
alteration in wheat plant hormones was considered as a prime mechanism responsible for

induced seedling growth.

There are reports of seed priming with endophytic fungus Epichloé (=Neotyphodium) on the
growth of Festuca sinensis under greenhouse environment indicating beneficial impacts (Peng et
al., 2013). The interactive investigations were conducted in combination with hydro-priming.
Significant improvements were recorded for seedling germination, seed vigor index, above
ground biomass, number of leaves, radical and coleoptiles length as well as dry weight of

seedlings.

The species endophyte Epichloé have been reported to enhance the seed germination of Festuca
arundinacea (Pinkerton et al. 1990), Lolium perenne (Clay 1987) and Achnatherum inebrians (Li
2007) under water stressed condition. The probable mechanisms of stress tolerance were
attributed to the reduced seed germination time and increase in germination rate conferred by the
endophyte. In addition, the endophyte may also modulate antioxidant defense system based on
enzymatic activities of superoxide dismutase and peroxidase causing increased tolerance to
reactive oxygen species (ROS) produced under stress condition (Zhang and Nan 2007, 2010).
Moreover, high seed germination rates could provide competitive benefits to surviving species as

compared to those not treated with endophytes (Gundel et al. 2006).

Experimental investigations have shown that the tall fescue (Festuca arundinacea) endophyte

Epichloé coenophiala significantly altered the chemistry of the root (Malinowski ef al. 1998)



without direct involvement leading to increased root biomass and could be envisaged as a
mechanism for providing tolerance to host system under water stress environment. The fungal
endophyte (Epichloé coenophiala) association with host (tall fescue) has been demonstrated
facilitate the rapid uptake of mineral nutrients and transfer to shoot system leading to improved
growth (Malinowski et al. 2000). This growth enhancement is likely the result of Epichloé-
induced stimulation of increased root exudation, with resultant increased nutrient mining by
microbes in the rhizophere, followed by increased rhizophagy cycle activity and oxidative
nutrient extraction from microbes in root cells (White et al., 2018). It is common in grasses of
many species infected by Epichloé endophytes, that the fungus colonizes only aerial parts of
plants, but stimulates symbiosis with soil microbes in roots, which results in increases in plant

size.

Vézquez de Aldana et al. (2013) has assessed the potential of endophyte Epichloé festucae on
seed germination of two different lines of Festuca rubra in arsenic contaminated soil. The study
revealed the positive influence of endophyte on radicle length of germinated seeds as compared
to those free from endophytes, suggesting that the symbiotic association with the host system
could be exploited for crop improvement even under metal contaminated sites. In another
experimental investigation, regarding the effect of an endophyte in genus Epichloé on water
stressed ecotypes of Festuca sinensis under controlled green house conditions, the study revealed
the beneficial effects of endophytic association (Wang et al., 2017). The positive impact of
endophyte association under water stressed environments was represented in terms of increased

seedling biomass, plant growth and stem diameter.

Endophytic bacterial species equipped with plant growth promoting traits may induce tolerance

to salt stress by modulating the morphological, physiological and biochemical characteristics of



plants (Mahmood et al., 2016), suggesting their utilization in crop enhancement under stress
conditions. Priming of seeds from two barley genotypes (Haider-93 and Frontier-87) with
endophytic bacterial strain Enterobacter spp. FD17 was performed to elucidate the role of bio-
priming in alleviation of salt stress (Tabassum et al., 2018). Seed priming was helpful in
improving grain yield, photosynthetic pigments, soluble protein accumulation, membrane
stability and osmolyte concentration. The increased osmolyte concentration under salinity stress
may be the outcome of endophyte induced enhanced expression of genes governing the synthesis
of osmolyets (Miotto-Vilanova et al., 2016). Moreover, the bacterially synthesized osmolytes
may act in synergistic fashion with plant produced osmolytes to enhance the tolerance against the
salinity stress (Dimkpa et al., 2009). The order of different priming technique was observed as
osmo-priming > bio-priming > hydro-priming. In conclusion, endophytic bacterial association
was positively associated with seedlings biochemical and physiological attributes under salinity
stress. Effect of inoculation of two different endophytic bacterial strains namely, Burkholderia
phytofirmans (PsJN) and Enterobacter sp. (FD17) in combination with biochar has been
performed to alleviate the negative consequences of salinity stress in maize (Akhtar et al., 2015).
The bacterial endophyte inoculated maize seeds when applied in combination with biochar were
much effective in minimizing the detrimental effects of salinity by reducing the absorption of
sodium ions in xylem or by maintaining the nutrient balance of plant system. The better activity
(in terms of reducing sodium ion uptake) in biochar added soil was recorded for Enterobacter sp.
(FD17) as compared to Burkholderia phytofirmans (PsJN). The inoculation with endophytes
resulted into increase in stomatal conductance (g;), as well as photosynthetic rate (4,) for both
saline and non-saline soil as compared to un-inoculated soil system. The endophyte mediated

enhancement in the selected photosynthetic parameter i.e. g; as well as 4, however, was much



prominent for saline soil amended with biochar. Further, the bacterial strain PsJN was recorded
as more potent endophyte in enhancing the photosynthetic parameters g; and 4, for maize leaves
as compared to strain FD17 under saline soil conditions implemented with biochar. In contrast,
there were no considerable differences between the two bacterial strains inoculated in non saline
soils receiving the same quantity of biochar. Such improvements in plant physiological processes
under saline environment could be employed for enhancing the crop productivity in a sustainable

manncr.

Bu et al. (2019) explained the effects of endophyte Epichloé sinica on Roegneria
kamoji seedlings under artificial drought stress rendered through polyethylene glycol (PEG). The
presence of endophyte was observed to enhance the germination potential as well as the rate of
seedling emergence for seeds treated with increased concentrations of PEG. On the other hand,
the seeds primed with endophyte had significantly lowered content of reactive oxygen species
(ROS) in seedling leaves even in the presence of high content of PEG-6000. Moreover,
considerable changes in root and shoot morphology was also noticed for seedlings harboring
endophytes as compared to those not having endophytic association. The promising outcome
with endophytic microbes could serve as a strong base for improving crop productivity under

water stress conditions.

The endophytic fungus Piriformospora indica induced alternation in plant metabolites under
drought stress is recently elucidated (Ghaffari et al., 2019). The barley seedlings primed with
endophyte cell suspension under mild drought stress has been presented to have changes in
abundance of total 145 plant proteins in contrast to 104 in untreated seedlings. On the other hand,
under severe drought stress environment, plant proteins showing considerable changes in their

abundance were recorded as 144 and 462, respectively for endophyte treated and untreated ones.



The plant proteins showing changes were related to primary plant metabolic activities and
documented to be involved in alleviating the negative effects imposed by oxidative stress under
drought. Root colonization by endophytic fungi was associated with enhanced biological
functions of photosynthetic machinery and electron transport pathway, in addition to induced
build up of proteins with protective role in different biological processes including energy
production, primary metabolic pathways and autophagy. Resource redistribution in host cells
along with maintenance of water channels (aquaporins) in endophyte inoculated plants as the
effective mechanisms to cope up with the detrimental consequences of drought stress could be

considered for managing agricultural productivity under changing environmental conditions.

Inoculation effect of endophytic fungi together with the biocontrol agent Trichoderm viride in
terms of plant growth and content of steroidal lactones (Withanolide A) in Withania somnifera
(Indian Ginseng) has been emphasized (Kushwaha et al., 2019). The combined treatment with
biocontrol agent and endophytic fungi Aspergillus terreus strain 2aWF (2aWF), Penicillium
oxalicum strain 5aWF (5aWF), and Sarocladium kiliense strain 10aWF (10aWF) in W. somnifera
resulted into an increase in shoot weight (65-150%), root weight (35-74.5%) and plant height
(15-35%) after 150 days of inoculation as compared to untreated plants. In combined treatment,
the Withanolide A content was reported to be increased by 109-242%. Interestingly, the
Withanolide A content in root was observed to be raised by 19—73%, in contrast to the no
increase in those inoculated with 7. viride alone. The combined treatment was effective in
enhancing the chlorophyll a content upto 115-164% as compared to control ones. Further, the
co-inoculation was also reported to influence the expression of genes participating in

Withanolide biosynthesis. The up-regulation of resistance gene (NPR1) by 3-7 folds in



combined treatment could be exploited for medicinal plants protection against the fungi causing

root knot disease.

The role of endophytic fungi Serendipita indica and Atractiella rhizophila (SML-TX-18) in
seedling growth and nutrient acquisition under pot condition has been demonstrated for Quercus
virginiana (Jin et al., 2019). After 60 days of treatment, the endophyte exhibited growth
promotional effects on selected plants. The inoculated seedlings accumulated higher content of
total nitrogen in above ground biomass, although the differences as compared to un-inoculated
were insignificant. The content of total potassium in treated seedlings was considerably
improved under the influence of endophyte inoculation as compared to control ones. The positive
influence of seedling treatment with endophytic microbes substantiates the significance of

microbiome assisted ecofriendly techniques for improving growth and development of seedlings.

Future perspective

The application of beneficial endophytes to enhance plant performance under natural
environmental conditions is of immense importance in the area of agricultural sciences. Since,
impacts imparted by endophytic microbes used for seed priming is greatly influenced by host
plant as well as prevailing environmental conditions, critical investigations under field conditions
should be performed to harness the potential of seed primed with endophytes in crop productivity
enhancement. The interactive effects of other priming techniques with endophytic microbe based
bio-priming could provide better outcomes for the management of crop productivity. More
studies under field conditions for widely distributed endophytic arbuscular mycorrhizal and other
endophytic fungi could provide novel and beneficial approachs to combat the problem of

reduced crop productivity imposed by abiotic and biotic stresses. The search for newer



endophytic bacterial and fungal species would provide many opportunities for different plant
species. Moreover, the application of nitrogen fixing endophytic bacteria for seed priming have
potential to enhance the seed characteristics in terms of seed vigor, germination rate and overall
crop productivity under changing environmental conditions. The identification and transfer of
endophytic fungal and bacterial species genes responsible for crop improvement such as disease
resistance and stress tolerance genes would be helpful in simultaneous improvement of seed
quality and enhancement in agricultural productivity. In this context, the findings that the
resistance genes harbored by uncultivable endophytes give a potential avenue for application in
plant disease management. Further, the detailed investigations of improved plant disease
resistance under the influence of microbial endophytes would help to unveil the precise

molecular mechanisms of host protection. .

Conclusion

Application of endophytes for seed priming has several promising potentials in the field of seed
technology and agricultural productivity. Available evidence has shown the positive influence of
priming on seed quality, seedling growth, crop productivity even under stress conditions.
Priming with endophytes has also shown increases in disease resistance, and tolerance to
numbers of biotic and abiotic stresses. Few studies regarding the combined application of
endophyte based priming with other priming methods like osmo-priming and hydro-priming may
have more conspicuous impacts on plant performance under natural environmental conditions as
compared to those manifested by bio-priming alone. Extensive research on bio-priming using
endophytes could give new insights and a better understating of endophyte and host

relationships.



References

Afzal, 1., Basra, S.M., 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, 23-28.

Afzal, 1., Munir, F., Ayub, C.M., Basra, S.M.A., Hameed, A., Nawaz, A., 2009. Changes in
antioxidant enzymes, germination capacity and vigour of tomato seeds in response of priming

with polyamines. Seed Sci Technol. 37, 765-770.

Afzal, 1., Rauf, S., Basra, S.M.A., Murtaza, G., 2008. Halopriming improves vigor, metabolism of

reserves and ionic contents in wheat seedlings under salt stress. Plant Soil Environ. 54, 382-388.

Aimé, S., Alabouvette, C., Steinberg, C., Olivain, C., 2013. The endophytic strain Fusarium

oxysporum Fo47: a good candidate for priming the defense responses in tomato roots. Mol Plant

Microbe Int. 26, 918-926.

Akhtar, S.S., Andersen, M.N., Naveed, M., Zahir, Z.A., Liu, F., 2015. Interactive effect of biochar
and plant growth-promoting bacterial endophytes on ameliorating salinity stress in maize. Funct

Plant Biol. 42, 770-781.

Anaytullah, B.B., 2007. Nitrate-hardened seeds increase germination, amylase activity and proline

content in wheat seedlings at low temperature. Physiol Mol Biol Plants. 13, 199-207.

Balestrini, R., Chitarra, W., Antoniou, C., Ruocco, M., Fotopoulos, V., 2018. Improvement of plant
performance under water deficit with the employment of biological and chemical priming agents.

J Agric Sci. 156, 680-688.

Barazani, O., Benderoth, M., Groten, K., Kuhlemeier, C., Baldwin, L.T., 2005. Piriformospora
indica and Sebacina vermifera increase growth performance at the expense of herbivore

resistance in Nicotiana attenuata. Oecologia. 146, 234-243.

Basra, S M.A., Afzal, 1., Anwar, S., Shafique, M., Haq, A., Majeed, K., 2005. Effect of different
seed invigoration techniques on wheat (7riticum aestivum L.) seeds sown under saline and non-

saline conditions. J Seed Technol. 28, 36-45.



Bhatt, R.M., Selvakumar, G., Upreti, K.K., Boregowda, P.C., 2015. Effect of biopriming with
Enterobacter strains on seed germination and seedling growth of tomato (Solanum lycopersicum

L.) under osmotic stress. Proc Nat Acad Sci. India Section B: Biological Sciences. 85, 63-69.

Bradford, K.J., 1986. Manipulation of seed water relations via osmotic priming to improve

germination under stress conditions. HortScience (USA).

Bray, C.M., 1995. Biochemical processes during the osmopriming of seeds. Seed development and

germination. Marcel Dekker, New York. 767-789.

Bruce, T.J., Matthes, M.C., Napier, J.A., Pickett, J.A., 2007. Stressful “memories” of plants:
evidence and possible mechanisms. Plant Sci. 173, 603-608.

Bu, Y., Guo, P., Ji, Y., Zhang, S., Yu, H., Wang, Z., 2019. Effects of Epichloé sinica on Roegneria
kamoji seedling physiology under PEG-6000 simulated drought stress. Symbiosis. 77, 123-132.

Bujalski, W., Nienow, A.W., 1991. Large-scale osmotic priming of onion seeds: a comparison of

different strategies for oxygenation. Sci Horticul. 46, 13-24.

Bujalski, W., Nienow, A.W., Gray, D., 1989. Establishing the large scale osmotic priming of onion
seeds by using enriched air. Ann Appl Biol. 115, 171-176.

Callan, N.W., Mathre, D., Miller, J.B., 1990. Bio-priming seed treatment for biological control of
Pythium ultimum preemergence damping-off in sh-2 sweet corn. Plant Dis. 74, 368-372.

Cantliffe, D.J., 1981. Priming of lettuce seed for early and uniform emergence under conditions of

environmental stress. In Symposium on Timing of Field Production of Vegetables. 122, 29-38.

Chandra Nayaka, S., Niranjana, S.R., Uday Shankar, A.C., Niranjan Raj, S., Reddy, M.S., Prakash,
H.S., Mortensen, C.N., 2010. Seed biopriming with novel strain of Trichoderma harzianum for

the control of toxigenic Fusarium verticillioides and fumonisins in maize. Arch Phytopathology

Plant Prot. 43, 264-282.

Chen, Y., Ren, C.G., Yang, B., Peng, Y., Dai, C.C., 2013. Priming effects of the endophytic fungus

Phomopsis liquidambari on soil mineral N transformations. Microb Ecol. 65, 161-170.



Clay, K., 1987. Effects of fungal endophytes on the seed and seedling biology of Lolium perenne
and Festuca arundinacea. Oecol, 73, 358-362.

Dimkpa, C., Weinand, T., Asch, F., 2009. Plant-rhizobacteria interactions alleviate abiotic stress

conditions. Plant Cell Environ. 32, 1682-1694.

Djébali, N., 2012. Seed hydropriming effect on Triticum durum and Hordeum vulgare germination,

seedling growth and resistance to Fusarium culmorum. Plant Pathol J. 11, 77-86.

Duga, J., Dechassa, N., Dessalegne, L., 2015. Effect of Seed Priming with Potassium Nitrate on
Bulb Yield and Seed Quality of Onion (4/lium Cepa L.), under Rift Valley Conditions, Central
Ethiopia. Int J Crop Sci Tech. 1, 1-12.

Egorshina, A.A., Khairullin, R.M., Sakhabutdinova, A.R., Luk’yantsev, M.A., 2012. Involvement
of phytohormones in the development of interaction between wheat seedlings and endophytic

Bacillus subtilis strain 11BM. Russ J Plant Physl. 59, 134-140.

Ellis, R.H., Butcher, P.D., 1988. The effects of priming and ‘natural’differences in quality amongst
onion seed lots on the response of the rate of germination to temperature and the identification of

the characteristics under genotypic control. J Exp Bot. 39, 935-950.

Ermis, S., Kara, F., Ozden, E., Demir, 1., 2016. Solid matrix priming of cabbage seed lots: repair of
ageing and increasing seed quality. Tarim Bilimleri Dergisi, 22, 588-595.

Espanany, A., Fallah, S., 2016. Seed germination of dill (Anethum graveolens L.) in response to
salicylic acid and halopriming under cadmium stress. Plant Physiol. 6, 1701-1713.

Farooq, M., Basra, S.M., Hussain, M., Rehman, H., Saleem, B.A., 2007. Incorporation of
polyamines in the priming media enhances the germination and early seedling growth in hybrid

sunflower (Helianthus annuus L.). Int J Agric Biol, 9, 868-872.

Farooq, M., Basra, SM.A., Wahid, A., Ahmad, N., Saleem, B.A., 2009. Improving the drought
tolerance in rice (Oryza sativa L.) by exogenous application of salicylic acid. J Agron Crop Sci.
195, 237-246.



Farooq, M., Gogoi, N., Hussain, M., Barthakur, S., Paul, S., Bharadwaj, N., Migdadi, H.M.,
Alghamdi, S.S., Siddique, K.H., 2017. Effects, tolerance mechanisms and management of salt
stress in grain legumes. Plant Physiol Biochem. 118, 199-217.

Farooq, M., Hussain, M., Imran, M., Ahmad, I., Atif, M., Alghamdi, S.S., 2019. Improving the
Productivity and Profitability of Late Sown Chickpea by Seed Priming. Int J Plant Prod. 1-11.

Fazlali, R., Asli, D.E., Moradi, P., 2013. The effect of seed priming by ascorbic acid on bioactive
compounds of naked Seed pumpkin (Cucurbita pepovar. styriaca) under salinity stress. Int J

Farming Allied Sci. 2, 587-590.

Forchetti, G., Masciarelli, O., Izaguirre, M.J., Alemano, S., Alvarez, D., Abdala, G., 2010.
Endophytic bacteria improve seedling growth of sunflower under water stress, produce salicylic

acid, and inhibit growth of pathogenic fungi. Curr Microbiol. 61, 485-493.

Franklin, K.A., 2009. Light and temperature signal crosstalk in plant development. Current Opin
Plant Biol. 12, 63-68.

Fiirnkranz, M., Adam, E., Miiller, H., Grube, M., Huss, H., Winkler, J., Berg, G., 2012. Promotion
of growth, health and stress tolerance of Styrian oil pumpkins by bacterial endophytes. Eur J
Plant Pathol. 134, 509-519.

Gadelha, C.G., de Souza Miranda, R., Alencar, N.L.M., Costa, J.H., Prisco, J.T., Gomes-Filho, E.,
2017. Exogenous nitric oxide improves salt tolerance during establishment of Jatropha curcas
seedlings by ameliorating oxidative damage and toxic ion accumulation. J Plant Physiol. 212, 69-

79.

Garner, J.M., Armitage, A.M., 2008. Cooling and long-day lighting influences growth and
flowering of Phlox paniculata L. Ice Cap’used for cut flowers. Hort Sci. 43, 707-709.

Ghaffari, M.R., Mirzaei, M., Ghabooli, M., Khatabi, B., Wu, Y., Zabet-Moghaddam, M.,
Mohammadi-Nejad, G., Haynes, P.A., Hajirezaei, M.R., Sepehri, M., Salekdeh, G.H., 2019. Root
endophytic fungus Piriformospora indica improves drought stress adaptation in barley by

metabolic and proteomic reprogramming. Environ Exp Bot. 157, 197-210.



Ghassemi-Golezani, K., Hassanpour-Bourkheili, S., Bandeh-Hagh, A. and Abriz, S.F., 2014. Seed
hydro-priming, a simple way for improving mungbean performance under water stress. Int J

Biosci. 4, 12-18.

Gholami, M., Mokhtarian, F., Baninasab, B., 2015. Seed halopriming improves the germination
performance of black seed (Nigella sativa) under salinity stress conditions. J Crop Sci Biotech.

18, 21-26.

Guan, Y.J., Hu, J., Wang, X.J., Shao, C.X., 2009. Seed priming with chitosan improves maize
germination and seedling growth in relation to physiological changes under low temperature

stress. J Zhejiang Univ Sci B. 10, 427-433.

Gundel, P.E., Maseda, P.H., Ghersa, C.M., BENECH-ARNOLD, R.L., 2006. Effects of the
Neotyphodium endophyte fungus on dormancy and germination rate of Lolium multiflorum

seeds. Austral Ecol. 31, 767-775.

Hacisalihoglu, G., 2007. Germination characteristics of three warm-season turfgrasses subjected to

matriconditioning and aging. HortTechnol. 17, 480-485.

Hamada, A.M., 2001. Salicylic acid versus salinity-drought-induced stress on wheat seedlings.

Rostlinna Vyroba-UZPI (Czech Republic).

Hamayun, M., Khan, S.A., Khan, A.L., Tang, D.S., Hussain, J., Ahmad, B., Anwar, Y., Lee, L.J.,
2010. Growth promotion of cucumber by pure cultures of gibberellin-producing Phoma sp.

GAH7. World ] Microbiol Biotechnol. 26, 889-894.

Hameed, A., Igbal, N., 2014. Chemo-priming with mannose, mannitol and H202 mitigate drought
stress in wheat. Cereal Res Commun. 42, 450-462.

Hameed, A., Sheikh, M.A., Hameed, A., Farooq, T., Basra, SM.A., Jamil, A., 2014. Chitosan seed
priming improves seed germination and seedling growth in wheat (7riticum aestivum L.) under

osmotic stress induced by polyethylene glycol. Philipp. Agric Sci. 97, 294-299.

Harman, G.E., Nelson, E.B., 1994. Mechanisms of protection of seed and seedlings by biological
seed treatments: implications for practical disease control in seed treatment: progress and

prospects, mono, vol 57. BCPC, Thornton Health, Surrey. 283-292.



Hassini, 1., Baenas, N., Moreno, D.A., Carvajal, M., Boughanmi, N., Martinez Ballesta, M.D.C.,
2017. Effects of seed priming, salinity and methyl jasmonate treatment on bioactive composition

of Brassica oleracea var. capitata (white and red varieties) sprouts. J Sci Food Agric. 97, 2291-

2299.

Heydecker, W., Higgins, J. and Gulliver, R.L., 1973. Accelerated germination by osmotic seed
treatment. Nature, 246(5427), p.42.

Heydecker, W., Coolbear, P., 1977. Seed treatments for improved performance survey and

attempted prognosis. Seed Sci Technol.

Heydecker, W., Higgins, J., Turner, Y.J., 1975. Invigoration of seeds. Seed Sci Technol. 3, 881-
888.

Hill, H., Bradford, K.J., Cunningham, J., Taylor, A.G., 2008. Primed lettuce seeds exhibit increased
sensitivity to moisture during aging. Acta Hortic. 782, 135-141.

Huang, Y.M., Wang, H.H., Chen, K.H., 2002. Application of seed priming treatments in spinach
(Spinacia oleracea L.) production. J Chinese Soc Hort Sci. 48, 117-123.

Hur, S.N., 1991. Effect of osmoconditioning on the productivity of Italian ryegrass and sorghum

under suboptimal conditions. Korean J Anim Sci. (Korea Republic).

Hussain, S., Yin, H., Peng, S., Khan, F.A., Khan, F., Sameeullah, M., Hussain, H.A., Huang, J.,
Cui, K., Nie, L., 2016. Comparative transcriptional profiling of primed and non-primed rice

seedlings under submergence stress. Front Plant Sci. 7, p.1125.

Hussein, M.M., Balbaa, L.K., Gaballah, M.S., 2007. Salicylic acid and salinity effects on growth of
maize plants. Res J Agric Biol Sci. 3, 321-328.

Ibrahim, E.A., 2016. Seed priming to alleviate salinity stress in germinating seeds. J Plant Physiol.
192, 38-46.

Ilyas, S., 2006. Seed treatments using matriconditioning to improve vegetable seed quality. Jurnal

Agronomi Indonesia (Indonesian Journal of Agronomy). 34(2).



Jha, P., Kumar, A., 2009. Characterization of novel plant growth promoting endophytic bacterium

Achromobacter xylosoxidans from wheat plant. Microb Ecol. 58, 179-188.

Jin, W., Peng, L., Zhang, X., Sun, H., Yuan, Z., 2019. Effects of Endophytic and Ectomycorrhizal
Basidiomycetes on Quercus virginiana Seedling Growth and Nutrient Absorption. J Sustain

Forest. 1-14.

Jisha, K.C., Puthur, J.T., 2014a. Halopriming of seeds imparts tolerance to NaCl and PEG induced
stress in Vigna radiata (L.) Wilczek varieties. Physiol Mol Biol Plants. 20, 303-312.

Jisha, K.C., Puthur, J.T., 2014. Seed halopriming outdo hydropriming in enhancing seedling vigor

and osmotic stress tolerance potential of rice varieties. J Crop Sci Biotech. 17, 209-219.

Joe, M.M., Islam, M.R., Karthikeyan, B., Bradeepa, K., Sivakumaar, P.K., Sa, T., 2012. Resistance
responses of rice to rice blast fungus after seed treatment with the endophytic Achromobacter

xylosoxidans AUMS54 strains. Crop Prot. 42, 141-148.

Joshi, N., Jain, A., Arya, K., 2013. Alleviation of Salt stress in Cucumis sativus L. through seed
priming with calcium chloride. Ind J App Res. 3, 22-5.

Kausar, A., Ashraf, M., 2003. Alleviation of salt stress in pearl millet (Pennisetum glaucum (L.) R.
Br.) through seed treatments. Agronomie. 23, 227-234.

Khalil, M.A.K., Rasmussen, R.A., 1983. Sources, sinks, and seasonal cycles of atmospheric
methane. J Geophys Res: Oceans. 88, 5131-5144.

Khan, A.A., Tao, K.L., Knypl, J.S., Borkowska, B., Powell, L.E., 1977, September. Osmotic
conditioning of seeds: physiological and biochemical changes. In Symposium on Seed Problems

in Horticulture. 83, 267-278.

Kumar, M., Pant, B., Mondal, S., Bose, B., 2016. Hydro and halo priming: influenced germination
responses in wheat Var-HUW-468 under heavy metal stress. Acta Physiol Plant. 38, 217.

Kumar, V., Shahid, M., Singh, A., Srivastava, M., Mishra, A., Srivastava, Y.K., Pandey, S.,
Shrarma, A., 2014. Effect of Biopriming with Biocontrol Agents Trichoderma harzianum (Th.



Azad) and Trichoderma viride (01pp) on Chickpea Genotype (Radhey). J Plant Pathol Microb, 5,
p.2.

Kushwaha, R.K., Singh, S., Pandey, S.S., Rao, D.V., Nagegowda, D.A., Kalra, A., Babu, C.S.V.,
2019. Compatibility of Inherent Fungal Endophytes of Withania somnifera with Trichoderma
viride and its Impact on Plant Growth and Withanolide Content. J Plant Growth Regul. 1-15.

Li, F., 2007. Effects of endophyte infection on drought resistance to drunken horse grass

(Achnatherum inebrians). Lanzhou: Lanzhou University.

Lopez, D.C., Sword, G.A., 2015. The endophytic fungal entomopathogens Beauveria bassiana and
Purpureocillium lilacinum enhance the growth of cultivated cotton (Gossypium hirsutum) and

negatively affect survival of the cotton bollworm (Helicoverpa zea). Biol Control. 89, 53-60.

Ma, H.Y., Zhao, D.D., Ning, Q.R., Wei, J.P., Li, Y., Wang, M.M., Liu, X.L., Jiang, C.J., Liang,
Z.W., 2018. A Multi-year Beneficial Effect of Seed Priming with Gibberellic Acid-3 (GA 3) on

Plant Growth and Production in a Perennial Grass, Leymus chinensis. Sci Rep. 8, p.13214.

Mahmood, A., Turgay, O.C., Farooq, M., Hayat, R., 2016. Seed biopriming with plant growth

promoting rhizobacteria: a review. FEMS Microbiol Ecol. 92, 8.

Majda, C., Khalid, D., Aziz, A., Rachid, B., Badr, A.S., Lotfi, A., Mohamed, B., 2019. Nutri-
priming as an efficient means to improve the agronomic performance of molybdenum in

common bean (Phaseolus vulgaris L.). Sci Total Environ. 661, 654-663.

Majidi, M.M., Mirlohi, A., 2016. Impact of endophytic fungi on seed and seedling characteristics in
tall and meadow fescues. Int J Plant Prod. 10, 469-478.

Malinowski, D.P., Alloush, G.A., Belesky, D.P., 1998. Evidence for chemical changes on the root
surface of tall fescue in response to infection with the fungal endophyte Neotyphodium

coenophialum. Plant and Soil. 205, 1-12.

Malinowski, D.P., Alloush, G.A., Belesky, D.P., 2000. Leaf endophyte Neotyphodium

coenophialum modifies mineral uptake in tall fescue. Plant and Soil. 227, 115-126.



Markovskaya, E.F., Sysoeva, M.I., Sherudilo, E.G., Topchieva, L.V., 2007. Differential gene
expression in cucumber plants in response to brief daily cold treatments. Russ J Plant Physl. 54,

607-611.

McDonald, M.B., 1999. Seed deterioration: physiology, repair and assessment. Seed Sci Technol.
27, 177-237.

McDonald, M.B., 2000. Seed priming. In: Black M, Bewley JD (eds) Seed technology and its
biological basis. Sheffield Academic Press, Sheffield. 287-325.

Meena, R.P., Sendhil, R., Tripathi, S.C., Chander, S., Chhokar, R.S., Sharma, R.K., 2013. Hydro-
priming of seed improves the water use efficiency, grain yield and Net economic return of wheat

under different moisture regimes. SAARC J Agric. 11, 149-159.

Miotto-Vilanova, L., Jacquard, C., Courteaux, B., Wortham, L., Michel, J., Clément, C., Barka,
E.A., Sanchez, L., 2016. Burkholderia phytofirmans PsJN confers grapevine resistance against
Botrytis cinerea via a direct antimicrobial effect combined with a better resource mobilization.

Front Plant Sci. 7, 1236.

Moeinzadeh, A., Sharif-Zadeh, F., Ahmadzadeh, M., Tajabadi, F., 2010. Biopriming of Sunflower
('Helianthus annuus' L.) Seed with 'Pseudomonas fluorescens' for Improvement of Seed

Invigoration and Seedling Growth. Aust J Crop Sci. 4, 564.

Mouradi, M., Bouizgaren, A., Farissi, M., Makoudi, B., Kabbadj, A., Very, A.A., Sentenac, H.,
Qaddoury, A., Ghoulam, C., 2016. Osmopriming improves seeds germination, growth,

antioxidant responses and membrane stability during early stage of Moroccan alfalfa populations

under water deficit. Chil J Agr Res. 76, 265-272.

Osburn, R.M., Schroth, M.N., 1988. Effect of osmopriming sugar beet seed on exudation and
subsequent damping-off caused by Pythium ultimum. Phytopathol. 78, 1246-1250.

Panuccio, M.R., Chaabani, S., Roula, R., Muscolo, A., 2018. Bio-priming mitigates detrimental
effects of salinity on maize improving antioxidant defense and preserving photosynthetic

efficiency. Plant Physiol Biochem. 132, 465-474.



Paparella, S., Aratjo, S.S., Rossi, G., Wijayasinghe, M., Carbonera, D., Balestrazzi, A., 2015. Seed
priming: state of the art and new perspectives. Plant Cell Rep. 34, 1281-1293.

Parera, C., Cantliffe, D., 1990. Improved stand establishment of sh 2 sweet corn by solid matrix
priming. In Proc Nat Symp Stand Estab Hort Crops (pp. 91-96).

Parera, C.A., Cantliffe, D.J., 1994. Presowing seed priming. Hortic Rev. 16, 109-141.

Paul, S., Roychoudhury, A., 2016. Seed priming with spermine ameliorates salinity stress in the
germinated seedlings of two rice cultivars differing in their level of salt tolerance. Trop Plant

Res. 3, 616-633.

Pavlo, A., Leonid, O., Iryna, Z., Natalia, K., Maria, P.A., 2011. Endophytic bacteria enhancing

growth and disease resistance of potato (Solanum tuberosum L.). Biol Control. 56, 43-49.

Peng, Q., Li, C., Song, M., Nan, Z., 2013. Effects of seed hydropriming on growth of Festuca
sinensis infected with Neotyphodium endophyte. Fungal Ecol. 6, 83-91.

Pinkerton, B.W., Rice, J.S., Undersander, D.J., 1990. Germination in Festuca arundinacea as
affected by the fungal endophyte, Acremonium coenophialum. In Proceedings of an International

Symposium on Acremonium/Grass Interactions. New Orleans (Vol. 176).

Pirmani, A., Mir-Mahmudi, T., Khaliliagdam, N., Yazdan-Sta, S., Sharafi, S., 2013. Effects of
Priming Techniques on Sunflower (Helianthus annuus) Germination and Seedling

Establishment. Seed Technol. 167-175.

Pradhan, N., Prakash, P., Manimurugan, C., Tiwari, S.K., Sharma, R.P., Singh, P.M., 2015.
Screening of tomato genotypes using osmopriming with PEG 6000 under salinity stress. Res

Environ Life Sci. 8, 245-250.

Prasad, S.R., Kamble, U.R., Sripathy, K.V., Bhaskar, K.U., Singh, D.P., 2016. Seed bio-priming for
biotic and abiotic stress management. In Microbial inoculants in sustainable agricultural

productivity (pp. 211-228). Springer, New Delhi.

Prasanna, R., Nain, L., Pandey, A.K., Saxena, A.K., 2012. Microbial diversity and

multidimensional interactions in the rice ecosystem. Arch Agron Soil Sci. 58, 723-744.



Rahimi, A., 2013. Seed priming improves the germination performance of cumin (Cuminum

syminum L.) under temperature and water stress. Ind Crops Prod. 42, 454-460.

Raj, S.N., Shetty, N.P., Shetty, H.S., 2004. Seed bio-priming with Pseudomonas fluorescens
isolates enhances growth of pearl millet plants and induces resistance against downy mildew. Int

J Pest Manag. 50, 41-48.

Rehman, A., Farooq, M., Naveed, M., Nawaz, A., Shahzad, B., 2018. Seed priming of Zn with
endophytic bacteria improves the productivity and grain biofortification of bread wheat. Eur J
Agron. 94, 98-107.

Reinhold-Hurek, B., Hurek, T., 1998. Life in grasses: diazotrophic endophytes. Trends Microbiol.
6, 139-144.

Rogis, C., Gibson, L.R., Knapp, A.D., Horton, R., 2004. Can solid matrix priming with GA3 break

seed dormancy in eastern gamagrass?. Rangeland Ecol Manag. 57, 656-661.

Rouhi, H.R., Sharif-Zadeh, F., Aboutalebian, M.A., 2015. Alleviation of Drought Stress by Seed
Priming in Tall Wheatgrass (Agropyron elongatum (Host) Beauv.). Inter J Plant Sci Ecol, 1, 44-
48.

Runkle, E.S., Heins, R.D., Cameron, A.C., Carlson, W.H., 1999. Photoperiod and cold treatment
regulate flowering of Rudbeckia fulgidaGoldsturm'. HortSci. 34, 55-58.

Sedghi, M., Nemati, A., Amanpour-Balaneji, B., Gholipouri, A., 2010. Influence of different
priming materials on germination and seedling establishment of milk thistle (Silybum marianum)

under salinity stress. World Appl Sci J. 11, 604-609.

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 Agric. 130-139.

Shahverdi, M.A., Tabatabaei, S.J., 2017. Effect of nutri-priming on germination indices and

physiological characteristics of stevia seedling under salinity stress. J Seed Sci. 39(4).



Shariatmadari, M.H., Parsa, M., Nezami, A., Kafi, M., 2017. The effects of hormonal priming on
emergence, growth and yield of chickpea under drought stress in glasshouse and field. Biosci

Res. 14.

Sharma, A.D., Rathore, S.V.S., Srinivasan, K., Tyagi, R.K., 2014. Comparison of various seed
priming methods for seed germination, seedling vigour and fruit yield in okra (4belmoschus

esculentus L. Moench). Sci Hort. 65, 75-81.

Shin, J.S., Raymer, P., Kim, W., 2006. Environmental factors influencing germination in seeded

seashore paspalum. HortSci. 41, 1330-1331.

Shukla, N., Kuntal, H., Shanker, A., Sharma, S., 2018. Hydro-priming methods for initiation of
metabolic process and synchronization of germination in mung bean (Vigna radiata L.) Seeds. J

Crop Sci Biotech. 21, 137-146.

Singh, A., Dahiru, R., Musa, M., Sani Haliru, B., 2014. Effect of Osmopriming duration on
germination, emergence, and early growth of Cowpea (Vigna unguiculata (L.) Walp.) in the

Sudan Savanna of Nigeria. Int J Agron.

Singh, V., Upadhyay, R.S., Sarma, B.K., Singh, H.B., 2016. Seed bio-priming with Trichoderma
asperellum effectively modulate plant growth promotion in pea. Int J Agric Environ Biotechnol.

9,361-365.

Sneideris, L.C., Gavassi, M.A., Campos, M.L., D'Amico-Damiao, V. and Carvalho, R.F., 2015.
Effects of hormonal priming on seed germination of pigeon pea under cadmium stress. Anais da

Academia Brasileira de Ciéncias, 87, 1847-1852.

Tabassum, T., Ahmad, R., Farooq, M., Basra, S.M.A., 2018. Improving Salt Tolerance in Barley by
Osmopriming and Biopriming. Int J Agric Biol. 20, 2455-2464.

Tabassum, T., Farooq, M., Ahmad, R., Zohaib, A., Wahid, A., 2017. Seed priming and
transgenerational drought memory improves tolerance against salt stress in bread wheat. Plant

Physiol Biochem. 118, 362-369.

Tanou, G., Fotopoulos, V., Molassiotis, A., 2012. Priming against environmental challenges and

proteomics in plants: update and agricultural perspectives. Front Plant Sci. 3, p.216.



Tarquis, A.M., Bradford, K.J., 1992. Prehydration and priming treatments that advance germination

also increase the rate of deterioration of lettuce seeds. J Exp Bot. 43, 307-317.

Taylor, A.G., Allen, P.S., Bonnett, M.A., Bradford, K.J., Burris, J.S., Misra, M.K., 1998. Seed
enhancements. Seed Sci Res. 8, 245-256.

Taylor, A.G., Harman, G.E., 1990. Concepts and technologies of selected seed treatments. Ann Rev
Phytopathol. 28, 321-339.

Vaktabhai, C.K., Kumar, S., 2017. Seedling invigouration by halo priming in tomato against salt
stress. J Pharmacogn Phytochem. 6, 716-722.

Van Hecke, M.M., Treonis, A.M. and Kaufman, J.R., 2005. How does the fungal endophyte
Neotyphodium coenophialum affect tall fescue (Festuca arundinacea) rhizodeposition and soil

microorganisms?. Plant Soil. 275, 101-109.

van Hulten, M., Pelser, M., Van Loon, L.C., Pieterse, C.M. and Ton, J., 2006. Costs and benefits of
priming for defense in Arabidopsis. Proc Nat Acad Sci. 103, 5602-5607.

Vézquez-de-Aldana, B.R., Zabalgogeazcoa, 1., Garcia-Criado, B., 2013. An Epichloé endophyte
affects the competitive ability of Festuca rubra against other grassland species. Plant and soil.

362,201-213.

Verma, S.K., Kingsley, K., Irizarry, 1., Bergen, M., Kharwar, R.N. and White Jr, J.F., 2017. Seed-
vectored endophytic bacteria modulate development of rice seedlings. J Appl Microbiol. 122(6),
1680-1691.

Verma, J., Srivastava, A.K., 1998. Physiological basis of salt stress resistance in pigeon pea
(Cajanus cajan L.)-1l. Pre-sowing seed soaking treatment in regulating early seedling

metabolism during seed germination. Plant Physiol Biochem. 25, 8§9-94.

Verma, S.K., White Jr, J.F., (editors). 2019. Seed Endophytes: Biology and Biotechnology. Springer
Nature, Switzerland. 507 pages; ISBN 978-3-030-10503-7.



Waller, F., Achatz, B., Baltruschat, H., Fodor, J., Becker, K., Fischer, M., Heier, T., Hiickelhoven,
R., Neumann, C., Von Wettstein, D., Franken, P., 2005. The endophytic fungus Piriformospora

indica reprograms barley to salt-stress tolerance, disease resistance, and higher yield. Proc Nat

Acad Sci. 102, 13386-13391.

Wang, J., Zhou, Y., Lin, W., Li, M., Wang, M., Wang, Z., Kuang, Y., Tian, P., 2017. Effect of an
Epichloé endophyte on adaptability to water stress in Festuca sinensis. Fungal Ecol. 30, 39-47.

Wagas, M., Khan, A.L., Hamayun, M., Kamran, M., Kang, S.M., Kim, Y.H., Lee, LJ., 2012.
Assessment of endophytic fungi cultural filtrate on soybean seed germination. Afr J Biotechn.
11, 15135-15143.

White JF, Kingsley KL, Verma SK, Kowalski K. 2018. Rhizophagy Cycle: An Oxidative Process in
Plants for Nutrient Extraction from Symbiotic Microbes. Microorganisms, 6(3),95.
https://doi.org/10.3390/microorganisms6030095.

Xiao-Fang, S., Qingsong, Z., Youliang, L., 2000. Regulations of salt tolerance of cotton plants at
seedling emergence stage by soaking seeds in Pix (DPC) and CaCl2 solutions. Jiangsu J Agric
Sci. 16:204-207.

Yacoubi, R., Job, C., Belghazi, M., Chaibi, W., Job, D., 2013. Proteomic analysis of the
enhancement of seed vigour in osmoprimed alfalfa seeds germinated under salinity stress. Seed

Sci Res. 23, 99-110.

Yan, M., 2016. Hydro-priming increases seed germination and early seedling growth in two

cultivars of Napa cabbage (Brassica rapa subsp. pekinensis) grown under salt stress. J Hortic Sci

Biotech. 91, 421-426.

Yihui, B.A.N., Zhouying, X.U., Yurong, Y.A.N.G., ZHANG, H., Hui, C.H.E.N., Ming, T.AN.G.,
2017. Effect of dark septate endophytic fungus Gaeumannomyces cylindrosporus on plant
growth, photosynthesis and Pb tolerance of maize (Zea mays L.). Pedosphere. 27, 283-292.

Zhang, Y.P., Nan, Z.B., 2007. Growth and anti-oxidative systems changes in Elymus dahuricus is
affected by Neotyphodium endophyte under contrasting water availability. J Agron Crop Sci.
193, 377-386.

Zhang, Y.P., Nan, Z.B., 2010. Germination and seedling anti-oxidative enzymes of endophyte-

infected populations of Elymus dahuricus under osmotic stress. Seed Sci Technol. 38, 522-527.






Table 1: Impact of endophytes on seed priming

Endophyte Plant Condition Response References
Acremonium Lolium Greenhouse | Seeds from Clay (1987)
loliae perenne and infected plants
Festuca of both species
arundinacea exhibited
a higher rate of
germination
Chrysosporium Glycine max | Lab Increased rate of | Waqas et al.
pseudomerdarium, | L. germination, (2012)
Aspergillus germination
fumigatus and index, shoot and
Paecilomyces sp. root length and
vigour index
Neotyphodium Festuca Field increased plant | Majidi and
coenophialum and | arundinacea seed weight, Mirlohi
Neotyphodium Schreb., number of seeds | (2016)
uncinatum Festuca per plant and
pratensis number of
Huds. panicles
Neotyphodium Festuca Greenhouse | Improve seed Peng et al.
Sinensis germination and | (2013)
plant growth
Serratia Cucurbita Field Increase Fiirnkranz et
plymuthica S13 pepo L. germination al. (2012)
rates and
suppress
symptoms of
desiccation
Pseudomonas sp. | Triticum Field Improve the Rehman et
MNI12 Aestivum productivity and | al. (2018)
grain
biofortification
Pseudomonas sp. Lab Enhance growth | Pavlo et al.
IMBG294; of potato shoots | (2011)
Methylobacterium | Solanum and plant
sp. IMBG290 tuberosum L. became
resistance
towards the soft
rot disease
Achromobacter Helianthus Photoperiod | Enhance growth | Forchetti et
xylosoxidans; annuus L. chamber of seedlings al. (2010)
Bacillus pumilus under water

stress, produce
SA, and inhibit




growth of

pathogenic fungi

Fusarium Solanum In vitro Reduction of Aimé et al.
oxysporum Fo47 | lycopersicum pathogen growth | (2013)
L.

Achromobacter Oryza sativa | In vitro Increase rice Joe et al.
xylosoxidans, germination and | (2012)
AUMS54 seedling vigor

index
Phomopsis Oryza sativa | Field Promoted Chen et al.
liquidambari growth of rice (2013)
Beauveria Gossypium Greenhouse | Plant growth Lopez and
bassiana and hirsutum enhanced Sword
Purpureocillium (2015)
lilacinum
Neotyphodium Festuca Lab Enhance plant Van Hecke
coenophialum arundinacea nutrient supply | et al. (2005)
Peronospora Nicotiana Pot Enhanced seed | Barazani et
indica attenuate germination, al. (2005)

plant growth

and increased

stalk elongation
Gaeumannomyces | Zea mays L. Greenhouse | Increased heavy | Yihui et al.
cylindrosporus metal tolerance; | (2017)

improved
height, root
length, and fresh
weight of treated
seedlings

Table 2: Some seed approaches to ameliorate salinity stress across susceptible plant species

Type of Agents Plants Stress Mechanism References
priming type
Halo-priming | CaCl, Cucumis Salinity | Increased proline | Joshi et al.
sativus accumulation (2013)
CaCl, Gossypium | Salinity | Species-specific | Xiao-Fang et
Hirsutum effect; low al. (2000)
germination
CaCl, Cajanus Salinity | Accumulation of | Verma and
cajan proteins, free Srivastava
amino acids and (1998)
soluble sugars
NaCl Nigella Salinity | effective in Gholami et
sativa encouraging seed | al. (2015)




germination

CaSO4

Triticum
aestivum

Salinity

concentration of
+ .
K" increased

Afzal et al.
(2008)

KNO;

Solanum
lycopersicu
m

Salinity

catalase activity
increased and
good amount of
protein content
and chlorophyll
content observed

Vaktabhai
and Kumar
(2017)

NaCl

Oryza
sativa L.

Osmotic

Attributed to
increased
accumulation of
primary
metabolites,
increased activity
of photosystems
and mitochondria,
and by

the activation of
antioxidant
systems

Jisha and
Puthur
(2014a)

NaCl and
PEG

Vigna
radiata L.
(Pusa
9531)

Drought

Proline
accumulation

Jisha and
Puthur
(2014)

Osmo-priming

Polyethyl
ene glycol
6000

Agropyron
elongatum

Drought

Germination
percentage and
speed of
germination
decreased

Rouhi et al.
(2015)

Nitric
oxide

Jatropha
curcas

Salinity

Increased
accumulation of
glutathione and
ascorbate in the
endosperm-
embryo axis;
higher activities
of catalase 1,
catalase 2 and
glutathione
reductases (GR1
and GR2)

Gadelha et
al.
(2017)

Polyethyl
ene glycol

Medicago
sativa L.

Drought

Enhanced
peroxidase and
catalase

activity, reduced

Mouradi et
al. (2016)




the

malonyldialdehyd
e content and
electrolyte
leakage
under water
deficit
NaCl Medicago | Salinity | enhancement of Yacoubi et
sativa L. seed vigour al. (2013)
Polyethyl | Cuminum | Drought | Accelerate seed Rahimi
ene glycol | syminum germination and | (2013)
L. improved
germination rate
Ascorbic | Cucurbita | Salinity | Catalase and Fazlali et al.
acid pepo peroxidase (2013)
activity increased
Spermine | Oryza Salinity | Enhancement of | Paul and
sativa Osmo-protection | Roychoudhu
ry (2016)
Hydro-priming | H,O Triticum Moisture | Increase Meena et al.
aestivum germination (2013)
L. percentage and
homogeneity of
seedling
emergence
H,O Brassica Salt accumulation of | Yan (2016)
rapa proline and
subsp. decreased MDA
pekinensis concentrations
H,O Vigna Water increase seedling | Ghassemi-
radiata L. emergence Golezani et
al. (2014)
Hormone Ethylene | Cajanus Cadmiu | Improve Sneideris et
Priming Cajan m germination al. (2015)
Gibberelli | Foeniculu | Salinity | ABA biosynthesis | Sedghi et al.
c acid m is suppressed (2010)
vulgare which triggers
efficient
germination
Methyl Brassica Salinity | contents of Hassini et al.
jasmonate | oleracea indolic (2017)
glucosinolates,
glucobrassicin,
neo-
glucobrassicin,

anthocyanins and




chlorogenic acid
derivatives
increased
Gibberelli | Cicer Drought | Increased seed Shariatmadar
c acid arietinum emergence and ietal. (2017)
L. plant vigor
Chemo- Mannose, | Triticum Drought | Elevating level of | Hameed and
priming Mannitol | aestivum antioxidants, Igbal (2014)
and H,O, | L. reducing
oxidative damage
of biomolecules
and accumulating
more reducing
sugars for osmotic
adjustments.
Nutri-priming | Selenium, | Stevia Salinity | Increased proline | Shahverdi
Ironand | rebuadiana content and and
Boron Bertoni antioxidant Tabatabaei
enzyme activities | (2017)
of CAT and SOD

Table 3: Effect of different conventional priming treatments on seed germination and crop
Performance

Priming Agents Plants Result References
method
Halo-priming Potassium Allium cepa L. Enhanced onion Duga et al.
Nitrate seedling (2015)
performance and
the yield
Solanum Good germination | Vaktabhai and
lycopersicum L. rate index and Kumar (2017)
catalase activity
under higher
salinity displaying
Helianthus Improved seed Pirmani et al.
annuus germination, (2013)
germination rate,
seed vigor index,
shhot , root,
seedling dry
weight
Hydro-priming | Water Triticum aestivum | Increase grain Meena et al.
L. yield (2013)
Vigna radiata L. | Improved Shukla et al.




membrane
permeability, high
activity of catalase
and

superoxide
dismutase, and
more integrated
chloroplast and
mitochondria in
primed seeds

(2018)

Triticum durum;
Hordeum vulgare

Speed of
emergence of
radicle, coleoptile
and side roots and
the seedling fresh
weight were
enhanced

Djébali (2012)

Osmo-priming

Potassium
Nitrate

Vigna
unguiculata L.

Greater seed
germination and
seedling height

Singh et al.
(2014)

Medicago sativa
L.

Enhanced the
activity of
peroxidase,
catalase and
reduced the
malonyldialdehyde
content

Mouradi et al.
(2016)

Solanum
esculentum L.

Improved
germination

Pradhan et al.
(2015)

Chitosan

Triticum aestivum
L.

Improved
germination rate,
and shoot and root
length

Hameed et al.
(2014)

Polyamines

Helianthus
annuus L.

enhance the
germination and
early seedling
growth

Farooq et al.
(2007)

Lycopersicon
esculentum Mill

improved seed
germination,
seedling vigour
and enhanced anti-
oxidative activity

Afzal et al.
(2009)

Hormo-priming

Salicylic acid

Anethum
graveolens L.

Improved the
germination rate,
germination
percentage, radicle

Espanany and
Fallah (2016)




elongation,
plumule
elongation, and
radicle dry weight

Gibberellic
Acid-3 (GA3)

Leymus chinensis

Increased seed
germination rate,
promoted plant
growth and
biomass production

Ma et al.
(2018)

Bio-priming

Trichoderma
asperellum

Pisum sativum

Enhancement in
plant growth,
increase in shoot
length, root length,
number of leaves,
shoot fresh weight,
root fresh weight,
shoot dry weight
and root dry weight

Singh et al.
(2016)

Trichoderma
viride 01PP;
Trichoderma

harzianum
Th azad

Cicer arietinum

Reduced the wilt
incidence, and
increased seed
germination and
plant growth
parameters

Kumar et al.
(2014)

Pseudomonas
fluorescens

Helianthus
annuus

Shoot height, root
length and seedling
Weight

Moeinzadeh et
al. (2010)
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