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Abstract

Halopriming is a salt-based, pre-sowing approach that
harmonies metabolic processes required for improving
seed quality, enhanced emergence rate and healthy
seedling vigour by controlling temperature and seed
moisture content in the early stages of germination while
preventing the seed from transitioning to complete germi-
nation. An aerated aqueous solution of different inorganic
salts, viz., KNO3, KH2PO4, KCl, NaCl, CaCl2, Ca(NO3)2,
CaSO4, CuSO4, Mg(NO3)2, ZnSO4, etc. alone or in
combination is applied to the seeds followed by redrying
to their actual weight before sowing into seedbeds to
achieve halopriming. Halopriming of seeds prevent seed

degradation, breaks dormancy and induces systemic
resistance to different abiotic stresses in the seedlings of
various crops with amended physiological attributes,
improved functional biochemistry andmetabolic processes
with subcellular changes despite some of its major
limitations in terms of prolonged storage of imbibed
(pre-soaked) seeds. On priming of the seeds, accumulation
of osmolytes, and upregulation of antioxidant enzymes and
signaling cascades are achieved in the seeds that persist
even after germination in the seedlings as well. The
technique has been proved beneficial for improved crop
establishment and greater uniformity, increased plant
performances with higher agricultural productivity and
further for sustainable agricultural practices under the
regime of abiotic environmental stresses to meet sustain-
able future food demand. The current study, therefore, is a
compilation of literature to explore different dimensions of
a simple, cost-effective, eco-friendly and potent haloprim-
ing technique, which could help to integrate seed germi-
nation, agricultural production and yield attributes in the
pertaining changing climatic conditions.
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Abbreviations

% Percent
°C Degree celsius
APX Ascorbate peroxidase
AQP Aquaporins
Ca(NO3)2 Calcium nitrate
Ca++ Calcium ion
CaCl2 Calcium chloride
CaSO4 Calcium sulphate
CAT Catalase
Cl− Chloride ion
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CuSO4 Copper sulphate
GPOX Guaiacol peroxidase
GR Glutathione reductase
H2O2 Hydrogen peroxide
K+ Potassium ion
KCl Potassium chloride
KH2PO4 Potassium dihydrogen phosphate
KNO3 Potassium nitrate
LEA Late embryogenesis abundant
Mg(NO3)2 Magnesium nitrate
Na+ Sodium ion
NaCl Sodium chloride
POD Peroxidase
ROS Reactive oxygen species
SOD Superoxide dismutase
ZnSO4 Zinc nitrate

1 Introduction

As the World’s population increases the global food security
seems a great challenge ahead in order to sustain food pro-
duction. In the era of rapid global climate changes, a wide
range of environmental stresses severely affects the bio-
chemical and physiological processes in plants which causes
a reduction in agricultural production efficiency by 71% (Qin
et al. 2010; Kaya et al. 2013; Petrov et al. 2015;
Pirasteh-Anosheh and Hashemi 2020). The level of stress
stimulation and the growth stage at which the plants are
affected have a direct relationship with the impact of stress
on plants. Among the various phases, seed germination and
seedling establishment are essential aspects of a plant’s life
cycle in both natural and stressful environments (Kumar
et al. 2016a). Since seed germination is highly sensitive to
changing environmental conditions, therefore, treating seeds
chemically or physically before sowing in the agriculture
fields is a pre-sowing procedure, commonly known as seed
priming has been seen as a viable biological approach that
focuses on the management and production of crops to
survive them under the stressful conditions (Ashraf et al.
2008). The method of seed priming requires pre-exposure to
abiotic stress and treating seeds with some physical or
chemical agents for a period of time to induce physiological
conditions and bring metabolic changes in the seeds making
them more likely to germinate further imparting stress tol-
erance in the seedlings in terms of increased seedling vital-
ity, root length, photosynthetic efficiency and crop yield
(Basra et al. 2005b; Bruggink et al. 1999; Hussain et al.
2016; Ibrahim 2016; Kaur et al. 2005; Karim et al. 2020;
Kumar and Rajalekshmi 2021; Lal et al. 2018; Taylor and
Harman 1990; Wojtyla et al. 2016).

There are various types of seed priming technology, viz.,
hydropriming, osmopriming, halopriming, biopriming, solid
matrix priming, nutripriming, thermopriming and seed
priming with plant growth regulators and other organic
sources (Ashraf and Foolad 2005; Eskandari et al. 2013;
Jisha et al. 2013; Maiti and Pramanik 2013; Nawaz et al.
2013; Paparella et al. 2015; Sher et al. 2019). Among the
numerous seed priming techniques, halopriming is a simple
and inexpensive agrotechnique that is simple, cost-effective
and ideal for recommending to farmers for improved seed-
ling emergence, germination consistency with greater uni-
formity, improved plant performance, high vitality, crop
stand and higher yield in a variety of environmental cir-
cumstances (Ashraf and Rauf 2001; Basra et al. 2005a; Bose
and Mishra 1999, Sadeghi and Robati 2015, Zhu and Wang
2008). Halopriming is a long-term biological strategy that
involves soaking of seeds in the aerated solutions of inor-
ganic salts viz. calcium chloride (CaCl2), calcium sulphate
(CaSO4), copper sulphate (CuSO4), monopotassium phos-
phate (KH2PO4), magnesium sulphate (MgSO4), potassium
chloride (KCl), potassium nitrate (KNO3), sodium chloride
(NaCl) and zinc sulphate (ZnSO4) followed by drying and
sowing into the agrifields (Table 1). Halopriming induces the
pre-germination metabolic pathways by preventing radicle
protrusion and decreased emergence time for enhanced
nutrient uptake, optimization of germination consistency and
germination rate with greater uniformity, improved plant
performance, high vitality and crop yield in horticulture,
floriculture and field crops even in adverse environmental
conditions (Biju et al. 2017; Farooq et al. 2007, 2013; Guo
et al. 2012; Iseri et al. 2014; Jisha and Puthur 2014; Nawaz
et al. 2013; Patade et al. 2012; Pawar and Laware 2018; Sen
and Puthur 2020; Srivastava et al. 2010).

Therefore, prospects, possibilities and mechanisms of
halo-priming technology in the agroecosystems have been
summarized in the present study.

2 Halopriming and Seed Germination

Seed priming improved the plant’s biochemical profile by
raising a-amylase function and soluble sugar content during
seed germination even at low temperatures (Anaytullah and
Bose 2007). Halopriming has been reported to enhance seed
efficiency and seedling vitality of watermelon (Demir and
Mavi 2004), rice (Farooq et al. 2006), maize (Kumari et al.
2017), and in several other crops. Seed priming with dif-
ferent inorganic salts such as NaCl, KCl and CaCl2 has a
beneficial impact on pepper germination under salinity stress
by speeding up imbibition, allowing the seeds to faster
metabolic function (Aloui et al. 2014). The salt-sensitive
(PI94341) and salt-tolerant (Kharchia 65) genotypes of
wheat (Triticum aestivum L.), primed with KCl and NaCl
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increased germination percentage, triggered physiological
attributes such as chlorophyll content and decreases mean
germination time (Saddiq et al. 2019). Sesame seeds
(Sesamum indicum L.) primed with CaCl2 enhanced ger-
mination up to 88.75%, improved vigour and productivity
(Tizazu et al. 2019). Halopriming with NaCl proved to be
superior in maize and tomato for fast emergence, shoot and
root length and other attributes such as photosynthetic

pigments (Akter et al. 2018; González-Grande et al. 2020).
NaCl priming enhanced breaking off hard seed coat which
facilitates 20.56% seedling emergence in okra (Jonah et al.
2019). A better effect on crop productivity and a number of
tillers per panicle was observed in different rice (Oryza
sativa L.) varieties on priming with NaCl (Riadi et al. 2020).

Halopriming with NaCl and CaCl2 improved germination
and seedling growth parameters in maize (Zea mays) as

Table 1 Differential responses of halopriming on seeds of different crops

Crop Halopriming
agents

Concentration Duration Germination/seedling
growth %

Metabolomics Enhance tolerance
against stress

References

Vigna
unguiculata

CaCl2 1% 12 h 86.66 – Karim et al. (2020)

Abelmoschus
esculentus

CaCl2 and
KNO3

1 and 2% 18 and
6 h

64 Antioxidants enzymes field
emergence, lipid peroxidation,
reserve mobilizing enzymes,
viability, vigour index

Oxidative stress Sharma et al. (2014)

Triticum sp. CaCl2, KCl
and NaCl

100 mM 12 h Antioxidant enzyme activities
(CAT, POD, APX)

Salt stress Islam et al. (2015)

Solanum
lycopersicum

KNO3 25 mM 24 h 81.33 a-Amylase activity Salt stress Nawaz et al. (2011)

Papaver rhoeas
and P. dubium

KNO3 0.5 gL−1 24 h 50.1 and 49.61 – Temperature, light
regimes, pH, salt
and osmotic
stresses

Golmohammadzadeh
et al. (2020)

Nigella sativa KNO3 −1 MPa 24 h 98 POX activity increased Oxidative stress Espanany et al.
(2016)

Allium cepa KNO3 150 mM 6 days 42.5 Soluble sugars like raffinose,
sucrose, glucose, and fructose
contents were monitored, higher
cytochrome c oxidase activity

– Thakur et al. (2020)

Brassica rapa
subsp. Pekinensis

KNO3 200 mmol/L 8 h 34 Modulating POD, SOD, CAT,
protein, sugar and proline content

Drought stress Yan (2015)

Solanum
lycopersicum

Mg(NO3)2 7.5 mM 24 h 98.7 Superoxide dismutase activity Temperature stress Nafees et al. (2019)

Triticum sp. Mg(NO3)2 7.5 mM 10 h 94 Soluble and insoluble sugar
contents and activity of a-amylase

Under heavy metal
stress (HgCl2)

Kumar et al. (2016a)

Cajanus cajan NaCl 50 mM 2 h – beta-cyano-L-alanine,
O-Acetylsalicylic

Salt stress Biswas et al. (2018)

Nigella sativa NaCl 1 and 2%
(w/v)

24 h 88 – Salinity stress Gholami et al. (2015)

Vigna mungo NaCl 50 mM 2 h 76 35 compounds altered
significantly under salinity

Salt stress Biswas and Saha
(2020)

Abelmoschus
esculentus

NaCl 3% 12 h 72.15 – – Tania et al. (2020)

Psophocarpus
tetragonolobus

NaCl 125 mM 48 h 82.49 Enhance the germinability,
antioxidant enzymes and
biochemical activities

Oxidative stress Kumar and
Rajalekshmi (2021)

Vigna radiata NaCl 6 h – – NaCl and PEG
stress

Jisha and Puthur
(2014)

Oryza sativa NaCl 75 mM 12 h 73 Generation of reactive oxygen
species (ROS), accumulation of
malondialdehyde, activities of
enzymatic and content of
non-enzymatic antioxidants and
chlorophyll a fluorescence

Reduced the
excess ROS
generation and
oxidative stress

Sen and Puthur
(2020)

Nigella sativa Urmia lake
salt and Urea

5 M 16 h 74.6 Enhanced peroxidase and catalase
activity

Osmotic stress Ghiyasi et al. (2019)
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compared to nonprimed seeds under salinity (Gebreegziab-
her and Qufa 2017). Sorghum seeds (Sorghum bicolor L.)
treated with different inorganic salts such as NaCl, KCl and
CaCl2 provoked healthy germination and early seedling
growth (Chen et al. 2021). Cowpea seeds (Vigna unguicu-
lata (L.) Walp.) primed with CaCl2 improve carbohydrate
content, photosynthetic pigments and biomass production
(Farooq et al. 2020). Priming of peanut seeds variety (Tainan
9) with CaCl2 showed high germination, increase shoot
length, root length and reduced mean germination time
(Jeammuangpuk et al. 2020).

KNO3 serves as a nutrient and initiator for pre-germination
metabolic events such as increased water imbibition, cell
division and elongation, essential germination and other growth
activity in seedlings of rice (Dhillon et al. 2021). Priming of
rice (Oryza sativa L.) cultivars KDML105 and
RD15KDML105 with KNO3 increased imbibition pattern,
germination percentage and uniform germination of seedlings
(Ruttanaruangboworn et al. 2017). Rice seedlings primed with
2.5 and 5% KNO3 improved emergence percentage by 70 and
94% compared with control (54%) in dry conditions (Ali et al.
2021a). Priming of Capsicum frutescens with NaCl and KNO3

enhances germination potential, final germination percentage,
plant length and reduce mean germination time (Robledo
2020). Citrullus lanatus (Thunb.) (Watermelon) seeds and
China aster seeds (Callistephus chinensis L.) primed with
KNO3 enhanced survival percentage of seeds, germination
indices, plant height, shoot and root length, root dry matter and
vigour index (Barbosa et al. 2016; Wani et al. 2020). Priming
of cotton and soybean seeds with KNO3 improved germination
and seed vigour under salt stress conditions (Miladinov et al.
2015; Nazir et al. 2014). Priming with ZnSO4 improved ger-
mination percentage, vigour, photosynthetic pigment and sugar
content in Momordica charantia seeds (Bukhari et al. 2021).
On-farm seed priming of maize and pea with ZnSO4 enhanced
the length and number of grains/pods and yield attributes in
both crops (Sharma et al. 2021).

3 Halopriming and Abiotic Stress Tolerance

Environmental stresses, such as salinity, temperature
extremes (heat and cold), drought, osmotic stress, nutrient
deficiency and heavy metal toxicity cause adaptation issues
to seedlings and challenge seedling emergence of plumules
and radicles, and seedling growth and development leading
to yield losses (Ghiyasi et al. 2019; Hasanuzzaman et al.
2012). Seed priming treatment mitigates the detrimental
consequences of different abiotic stress (salinity, drought,
heat, cold, heavy metals, etc.) responses via modifying the
antioxidant metabolism and enhancing the accumulation of
osmolytes (Basra et al. 2005a; Guan et al. 2009; Kausar and
Ashraf 2003; Kumar et al. 2016a; Saha et al. 2010).

Halopriming with NaCl induces a physiological response
in maize seeds that interact with plant stress memory causing
the plants to respond swiftly and effectively to upcoming
adverse environmental conditions (El-Sanatawy et al. 2021).
The improved salt tolerance index (STI) based on growth
parameters, such as shoot length, root length and relative
water content in NaCl primed seeds were reported in sesame
seeds and Vigna mungo L. (Biswas and Saha 2020;
Mohammadi et al. 2013). NaCl pretreatments also efficiently
reduced the harmful effects of salt stress facilitating effective
germination due to increased K and Ca content and
decreasing Na accumulation in stems and leaves of Cucumis
melo (Sivritepe et al. 2005). Fenugreek seeds (Trigonella
foenum-greacum) and tomato (Solanum lycopersicum
cv.’Río Grande) primed with NaCl mitigated the deleterious
effect of salt stress, significantly (González-Grande et al.
2020; Mohammadi et al. 2013). Sorghum seeds (Sorghum
bicolor L.) treated with different concentrations of inorganic
salts ameliorated the efficacy of saline stress (Chen et al.
2021). Besides, halopriming has also been reported to be
beneficial for enhanced seed germination, seedling growth
under drought and induced salt resistance in pepper (Amjad
et al. 2007), Triticum aestivum L. (Afzal et al. 2008), sug-
arcane (Patade et al. 2012), Vigna radiata (L.) Wilczek
varieties (Jisha and Puthur 2014) and Cajanus cajan L.
(Biswas et al. 2018).

Seed priming with calcium salts has proved to be more
efficient and cost-effective in enhancing plant stress resis-
tance (Jafar et al. 2012; Tabassum et al. 2017), as the cal-
cium serves as a secondary messenger in signal transduction
(White and Broadley 2003) and promotes osmolyte and
antioxidant production in stress conditions (Farooq et al.
2017). Halo-conditioning with CaCl2 enhances crop estab-
lishment and confers cis-tolerance on salt-affected lands in
wheat (Feghhenabi et al. 2020; Tamimi 2016; Yasmeen et al.
2013) and cowpea (Vigna unguiculata (L.) Walp.; Farooq
et al. 2020). Seed priming with CaCl2 increased seedling
development, seedling establishment, plant length, grain
number, grain weight, grain yield and tillers number under
drought stress in wheat (Hussian et al. 2013). It was also
elucidated when CaCl2 primed seed supplemented by KCl
stimulated salt tolerance in rice varieties that is revealed by
increased germination performance, seedling emergence and
dry weight under saline conditions (Afzal et al. 2012). The
seeds of rice and maize primed with NaCl, KCl, CaCl2 and
KNO3 solution enhance resistance against salt stress and
exhibited improved growth (Gebreegziabher and Qufa 2017;
Theerakulpisut et al. 2016). By priming with inorganic salts
NaCl and KCl, salt-sensitive wheat (Triticum aestivum L.)
genotype PI.94341 mitigated the negative effects of salinity
stress through physiological seed enhancement (Saddiq et al.
2019). Halopriming with CaCl2, KNO3 and NaCl show a
significant effect in alleviating salt-induced oxidative stress
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in rice (Oryza sativa L. cv.) (Riadi et al. 2020;
Tahjib-Ul-Arif et al. 2019). In addition to this, the devas-
tating effects of salinity stress on sunflower (Bajehbaj 2010;
Kaya et al. 2006) and melon (Oliveira et al. 2019) seeds
were reduced by treating them with KNO3. Nigella sativa
seeds primed with ZnSO4 and KNO3 increased germination
percentage, germination rate and seedling growth under
severe water stress (Fallah et al. 2018).

Among various abiotic stressors, Chilling (0–15 °C) is
one of the most destructive abiotic stress which severely
reduces crop yield (Thakur et al. 2010). Cold stress reduces
membrane permeability and disturbs ion transport at the
cellular level (Ahmad and Prasad 2011). Consequently, cold
stress reduces seed emergence rates, causes seedling failure
and accelerates the production of free radical ions (Yu and
Rengel 1999). Under chilling stress, halo-priming facilitated
the crop establishment and growth by enhancing germina-
tion rate and physiological parameters in Chickpea (Cicer
arietinum) and hairy vetch (Vicia villosa) (Farooq et al.
2017; Yusefi-Tanha et al. 2019). Peanut seeds primed with
CaCl2 showed enhanced storability and faster germination
under low-temperature conditions (Jeammuangpuk et al.
2020). Priming with KNO3 followed by drying also allowed
cotton seeds to be cold tolerant and produced vigorous
seedlings (Cokkizgin and Bölek 2015). The priming of
maize and eggplant seeds with Ca(NO3)2 promoted germi-
nation rate, radicle protrusion rate index and seedling dry
mass under low and high-temperature conditions (Gouveia
et al. 2017; Salles et al. 2019). Batista et al. (2016) observed
that palisade grass (Brachiaria brizantha cv. MG-5) seeds
primed with Ca(NO3)2 and KNO3 improved physiological
seed quality resulting in seeds with great stress tolerance
under high temperature (Batista et al. 2016).

Heavy metals have been reported to reduce the germi-
nation parameters of a developing seedling. Halopriming
with Mg(NO3)2 and Ca(NO3)2 reduced the severity of heavy
metal (HgCl2) stress in wheat var-HUW-468 during the
germination process by increasing endosperm a-amylase
activity and soluble sugar content resulting in enhanced
germination percentage, seedling emergence and growth
performance (Kumar et al. 2016a). Black cumin seeds
haloprimed with KNO3 also had the highest germination
percentage (100%), plumule length, and dry weight miti-
gating cadmium toxicity (Espanany et al. 2016). Priming of
garden cress (Lepidium sativum) with NaCl and KCl pro-
motes seed germination, boosts seedling growth and devel-
ops seedling resistance under hazardous metals stress (Nouri
and Haddioui 2021). Besides, different responses of condi-
tioning of seeds, i.e. seed priming in several crops under the
regime of different abiotic stresses have also been summa-
rized in Table 1.

4 Halopriming and Anti-oxidative Responses

Seed priming allows morphological, physiological and bio-
chemical changes leading to enhanced stress tolerance and
amelioration of the adverse effects of abiotic stress in plants
by up-regulating the activity of antioxidant enzymes (Ashraf
et al. 2008; Basra et al. 2005b; Bussotti et al. 2014; Chiu
et al. 1995; Chang and Sung 1998; Chandra Nayaka et al.
2010; Guan et al. 2009; Kausar and Ashraf 2003; Kumar
et al. 2016a; Thakur et al. 2019).

Peroxidases probably played a vital role in reducing
oxidative damage and hydrogen peroxide content. An
enhanced guaiacol peroxidase content was found to play
important role in haloprimed pea (Pisum sativum L.) under
chilling effect (Yusefi-Tanha et al. 2019). Halopriming with
125 mM NaCl enhanced germination, antioxidant enzymes
(CAT, APX, SOD and POD) and biochemical activities in
winged bean [Psophocarpus tetragonolobus (L.) DC.;
Kumar and Rajalekshmi (2021)]. NaCl priming of fenugreek
seeds (Trigonella foenum-graecum) activated the antioxidant
machinery that alleviated negative effects of salt stress and
maintain ionic balance (Mahmoudi et al. 2020). Antioxidant
enzyme activities (CAT, POD, APX) of wheat (Triticum
aestivum L.) cultivars, Lu26s (salt-tolerant) and Lasani-06
(salt-sensitive) were found to be significantly increased after
halopriming (Islam et al. 2015). Halopriming with KCl
significantly increased the activity of antioxidants in chicory
(Sadeghi and Robati 2015). Haloprimed Cowpea seeds
(Vigna unguiculata (L.) Walp.) with CaCl2 increases total
antioxidants activity up to 22.2% under salt stress (Farooq
et al. 2020).

Halopriming greatly increased SOD, CAT, APX and
GPOX (guaiacol peroxidase) activities in primed seeds
compared to non-primed seeds of different Oryza sativa
varieties (Sen and Puthur 2021). KNO3 substantially esca-
lated CAT activity within the FARO44 rice seedlings that
scavenged ROS indicated increased tolerance to drought (Ali
et al. 2021a, b). Under salinity stress, rice seeds (Oryza
sativa L. cv. BRRI dhan29) primed with KNO3 mitigated the
adverse effects of reactive oxygen species, i.e. H2O2 and O−

radical by up-regulating the activity of antioxidant enzymes
such as APX at the seedling stage (Tahjib-Ul-Arif et al.
2019). Priming of Chinese cabbage (Brassica rapa
subsp. pekinensis) with KNO3 significantly enhanced POD,
SOD and CAT activity under drought stress conditions (Yan
2015). Priming with KNO3 showed increased POD activity
in Silybum marianum L. and nitrate reductase activity in
tomato under salinity stress (Lara et al. 2014; Zavariyan
et al. 2015). KNO3 primed sesame seeds (Sesame indium L.)
increased the CAT and POD enzyme activities (Kumar et al.
2016b). Ca(NO3)2 treatment enhanced the activity of various

Halopriming: Sustainable Approach for Abiotic Stress … 139



antioxidant enzymes such as CAT, APX, SOD, GR and
POD in germinating cucumber seeds (Fan et al. 2017). Halo
primed tomato seeds with magnesium nitrate [Mg(NO3)2]
significantly increased antioxidant enzyme activities such as
SOD, POD, APX, and CAT at different temperature regimes
(Nafees et al. 2019). Under water stress circumstances, seed
priming of black cumin (Nigella sativa L.) with ZnSO4

increased CAT activity in seedlings (Fallah et al. 2018).
Priming with ZnSO4 also increased POD activity signifi-
cantly in fruits and leaves of Momordica charantia (Bukhari
et al. 2021).

5 Halopriming and Production of Osmolytes

Halopriming stimulates seed metabolism by producing
osmolytes and/or signalling agents, thus facilitating germi-
nation and improved growth and yield performances. Osmo-
lytes are compatible solutes that accumulate within plant cells
and act as osmoticum to hold water by lowering the osmotic
potential, protecting macromolecules and cell membranes
from oxidative stress and dehydration (Fahad et al. 2017;
Tabassum et al. 2018; Verslues and Juenger 2011).

NaCl priming in tomato seeds resulted in the accumula-
tion of osmoregulating defence molecules (anthocyanin and
proline) and activation of the antioxidative enzyme mecha-
nism (Sahin et al. 2011). Among the three varieties of Vigna
radiata, haloprimed Pusa Ratna showed a 50% increase in
proline content in normal conditions (Jisha and Puthur
2014). Priming of pepper (Capsicum annuum L.) seeds with
CaCl2 resulted in a significant increase in proline content
under salinity stress to protect from oxidative stress (Aloui
et al. 2014). Halopriming significantly increased leaf proline
and phenolic contents under salt stress in both salt-sensitive
Lasani-06 and resistant Lu26s wheat cultivars (Islam et al.
2015). Sesame (Sesame indium L.) and rice seeds primed
with different concentrations of KNO3 enhanced proline
accumulation in seedlings to maintain osmoprotection
(Kumar et al. 2016b; Tahjib-Ul-Arif et al. 2019).

Tomato seeds primed with magnesium nitrate (Mg(NO3)2
enhanced production of osmolytes, proline and sugar that
preserved plant cell structure and metabolism (Nafees et al.
2019). Halopriming treatment of soybean seeds with ZnSO4

and CaCl2 showed increased soluble sugar and proline
content under soda saline-alkali stress (Dai et al. 2017).
Priming of Nigella sativa and Momordica charantia seeds
with ZnSO4 significantly enhanced proline and phenolic
compounds to ameliorate the stress effects (Bukhari et al.
2021; Fallah et al. 2018).

6 Mechanism of Halopriming

Halopriming is a pre-sowing method that includes exposing
the seeds first to a salt solution for a certain period allowing
them for partial hydration followed by washing with water
and re-drying to original moisture content (Fig. 1). There are
two important characteristics of priming such as desiccation
tolerance and seed sustainability (Ellis and Hong 1994; Hay
and Probert 1995; Gurusinghe and Bradford 2001). Priming
enhances the sustainability of low vigour seeds (Varier et al.
2010). The time required for salt treatment is crop-specific
and depends upon its variety or cultivar and the priming
process activates pre-germinative metabolic activity to start
the germination process without radicle emergence (Basra
et al. 2003; Bradford 1986; Chen and Arora 2013; Dell’A-
quila and Tritto 1991; Giri and Schillinger 2003; Ibrahim
2016; Paparella et al. 2015; Pill 2020). The metabolic
activity includes water imbibition, activation of proteins,
enzymes, hormones and signal transduction facilitating the
breaking of seed dormancy (Ajouri et al. 2004). Under salty
alkali stress, halopriming has been linked to a larger osmotic
adjustment, more antioxidant defence system activities, more
photosynthetic pigment levels, better membrane integrity
and more added starch accumulation regulated by bio-
chemical, physiological and molecular mechanisms related
to development of embryo, protrusion of plumule and radicle
and further with vigorous seedling growth and development
(Bewley 1997; Bewley and Black 2013; Lutts et al. 2016;
Rajjou et al. 2012).

The process of germination is divided into three stages,
viz., imbibition phase (first phase), lag phase (second phase)
and growth phase (third phase) (Bewley and Black 1994,
2013; Daszkowska-Golec 2011; Eskandari et al. 2013;
Rosental et al. 2014). On priming of the seeds, rapid water
absorption facilitates protein synthesis and respiratory
activity via mRNA and DNA in the imbibition phase or first
phase. Up-regulation of antioxidant enzymes and the accu-
mulation of osmolytes and activation of ROS-mediated
signalling pathways have also been documented during the
first phase of imbibition (Paparella et al. 2015). The second
phase is concerned with controlled water uptake and the start
of various physiological processes associated with germi-
nation, such as the synthesis of proteins and the availability
of soluble sugars (Varier et al. 2010). During the last phase,
a marked increase in water intake takes place along with
radicle protrusion developed from the seed coat (Bewley and
Black 1994; Waqas et al. 2019). Further, the stress resistance
of seedlings has been linked to the persistence of the
antioxidant mechanism activated and metabolic changes that
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occurred during the hydration of seeds, even after germi-
nation, in the seedlings as well (Paparella et al. 2015).
Re-drying is essential for seed storage (Di Girolamo and
Barbanti 2012). It prevents quality loss that is caused by
severe deterioration of seeds (Di Girolamo and Barbanti
2012; Halmer 2004; Maiti 2011; Parera and Cantliffe 1994;
Varier et al. 2010). Priming can also be characterized as a
form of preparative germination phase and the lag phase may
be extended (Nonogaki et al. 2010). When a primed seed is
in the growth phase, it can survive a restoration to its original
moisture content without vigour loss thus primed seeds can
be stored for a period till the time of sowing (Di Girolamo
and Barbanti 2012; Ibrahim 2016; Rajjou et al. 2012; Taylor
et al. 1998). However, the primed seeds have a drawback in
utilizing the process for commercial purposes with shorter
shelf life than seeds that haven’t been primed, so seeds
should be processed properly before planting (Ibrahim
2019). Seed priming enhances germination by regulating
DNA repair mechanisms, decaying antioxidant scavenging
enzymes like catalase, de novo nucleic acid, and protein
synthesis, and production of sterols and fatty acids (Afzal
et al. 2002; Chen and Arora 2011; Kubala et al. 2015;
Paparella et al. 2015; Rajjou et al. 2012). Halopriming can
affect seed osmotic balance by increasing K+ and Ca2+

uptake while decreasing Na+ and Cl− absorption thus
maintaining cell turgor by balancing membrane potential

(Ibrahim 2016; Quintero et al. 2018). Priming triggers ROS
scavenging mechanism by enhancing the activity of free
radical scavenging enzymes such as catalase (CAT), super-
oxide dismutase (SOD), peroxidase (POD), ascorbate per-
oxidase (APX), glutathione reductase (GR) and expression
of other stress-responsive proteins that include aquaporins
(AQP), dehydrins and late embryogenesis abundant
(LEA) proteins (Anaytullah and Bose 2012; Bohnert and
Shen 1998; Kumar and Rajalekshmi 2021; Lara et al. 2014;
Mittal and Dubey 1995; Sadeghi and Robati 2015; Vander
Willigen et al. 2006).

7 Factors Affecting Halopriming

The efficacy of seed priming has been strongly linked with
various physical factors such as temperature, aeration, salt
concentration, light, priming process, duration of treatment,
dehydration after priming, oxygen availability, storage
conditions, etc. and certain biological factors like species
and its cultivar and variety, age of the seeds, seed vitality
and quality (Corbineau and Come 2006; Farooq et al. 2012;
Maiti and Pramanik 2013; Parera and Cantliffe 1994). Aer-
ation is the most effective and critical factor that influences
seed respiration, seed sustainability and seedling protrusion
(Bujalski and Nienow 1991; Heydecker et al. 1973; Fig. 2).

Fig. 1 Mechanism of halo
priming for enhanced stress
tolerance in seeds
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Temperature is another critical factor affecting seed ger-
mination. For priming and germination, the optimal tem-
perature varies from 15 to 30 °C (Wahid et al. 2008),
however, haloprimed seeds can endure in low and
high-temperature regimes. Magnesium nitrate (Mg(NO3)2
primed seeds at 40 °C showed the optimum germination
ratio, fresh and dry weight of seedlings, shoot and root
length, and overall seedling length up to 10 days (Nafees
et al. 2019). Haloprimed seeds of a tomato hybrid variety
(Lycopersicon esculentum Mill. NUN 5024) performed well
at 40 °C and room temperature (35/28 °C, day/night), but
poorly at 10 and 25 °C. Potassium primed seeds of Papaver
rhoeas (55.01%) and Papaver dubium (49.61%) showed
maximum germination rate on 25 and 20 °C temperatures,
respectively, and the minimum germination (7.55%) was
observed at 10 °C in either case (Golmohammadzadeh et al.
2020).

Duration of treatment solution also influenced the seed
emergence, significantly (Wahid et al. 2008). By increasing
the duration of ZnSO4 treatment from 4 to 12 h, the greatest
influence on yield attributes was recorded in 12-h duration in
maize and pea crops (Sharma et al. 2021). Papaver rhoeas
and P. dubium seeds primed for 24 h with 0.5 g/L KNO3

solutions showed maximum seed germination and lowest

germination when primed with 4g/L g/L KNO3 for 96 h
(Golmohammadzadeh et al. 2020). Soaking of perennial rye
seeds at 125 mM NaCl for 24 h enhanced germination
percentage (Araghi Shahri et al. 2015). Soaking of three
wheat varieties (Sherodi, Fajer, and Taram) for 12, 24, or
36 h in 0.5 or 1% calcium chloride (CaCl2) solutions, 24 h
exposure was found to be effective in terms of increased
germination percentage in all three varieties in either case
(Yari et al. 2012). Priming of China aster seeds (Callistephus
chinensis (L.) with KNO3 at 12 and 18 h, though priming
duration for 12 h proved to be more favourable for seedling
establishment in field conditions (Wani et al. 2020).

The concentration of priming agents is also a crucial
factor for enhanced growth attributes in different crops. The
optimum concentration of CaCl2 for gerbera was 25 mM
and for Zinnia elegans, it was 50 mM CaCl2 (Ahmad et al.
2017). Maize seeds primed with 4000 ppm NaCl had a
higher germination index and a shorter mean germination
time than seeds primed with 8000 ppm NaCl (El-Sanatawy
et al. 2021). Priming with 1.0% KNO3 was more effective to
enhance seed emergence and uniform germination of rice
cultivars, but priming with 2.0% KNO3 showed a lesser
effect on seedlings (Ruttanaruangboworn et al. 2017).
Halopriming with different concentrations of KNO3 (10–

Fig. 2 Various factors prompting the plant responses during the process of halopriming
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30 ppm) of Capsicum frutescens seeds, showed the highest
influence on radicle and plumule length as well as fresh and
dry biomass was observed at 25 ppm KNO3 (Robledo
2020). Among the various concentrations of ZnSO4, priming
with 1% ZnSO4 has been shown to be more efficient than
priming with 2 and 3% ZnSO4 in maize and pea crops
(Sharma et al. 2021).

The type of halopriming agents and cultivar/variety of the
seeds are also some other determinants for better growth and
development. In various inorganic salts, priming with CaCl2
proved to be stronger than other halopriming agents in
mitigating salinity-induced suppression of germination in
rice (Oryza sativa L. cv. BRRI dhan29) (Tahjib-Ul-Arif
et al. 2019). Haloprimed seeds of two wheat (Triticum
aestivum L.) cultivars, Inqlab-91 and SARC-1 with NaCl,
CaCl2 and CaSO4 in saline environment showed cultivar
dependent differential responses and CaCl2 or CaSO4 proved
to be more effective than NaCl as a priming agent in miti-
gating the adverse effects of salinity on wheat growth (Afzal
et al. 2008). Likewise, haloprimed seeds of two rice culti-
vars, Shaheen Basmati and Basmati 2000 with 2.2% CaCl2
and KCl for 36 h showed optimum results with CaCl2 in
terms of increased germination potential, germination rate,
seedling growth and salinity resistance in both cultivars
(Afzal et al. 2012). Contrary to this, in the case of black
seeds (Nigella sativa), of the various priming agents, viz.,
NaCl, CaCl2, KNO3, CuSO4 and ZnSO4 tested NaCl proved
to be the most efficient to combat salt stress in terms of
higher germination efficacy and further growth and devel-
opment (Gholami et al. 2015). The effects of the two halo-
priming agents, CaCl2 and NaCl on maize physiology were
distinct. CaCl2 priming increased the germination process,
while NaCl priming enhanced seed maturity and yield
(Gebreegziabher and Qufa 2017). In the case of tomato
seeds, KNO3 was more successful than the other haloprim-
ing agents in increasing final germination, germination rate
and seedling vigour (Farooq et al. 2005). Of the different
inorganic salts such as NaCl and KCl, CaCl2 proved to be
the most efficient halopriming agent for improving Sorghum
crop establishment (Chen et al. 2021). Halopriming of
Capsicum frutescens with varying concentrations of two
inorganic salts, i.e. NaCl and KNO3, KNO3 was found to be
more effective than NaCl (Riadi et al. 2020). Pigeon pea
seeds were primed with different salts, viz. ZnSO4, CaCl2
and KCl and ZnSO4 showed maximum germination up to
92% (Vanitha and Kathiravan 2019).

8 Conclusion and Future Prospects

Since managing seeds is much easier for farmers in com-
parison to managing crops in the field, therefore, halo
priming has been regarded as a viable remedy for

germination issues and in the reduction of the risk of poor
stand establishment when seeds are cultivated in adverse
environments. The goal of the potent seed priming technique
is to synchronize the emergence and protection of seeds
against abiotic influences during the crucial seedling estab-
lishing phase, resulting in a uniform stand and increased
production in the near future. Halopriming technique has
proved promising in breaking seed dormancy, improving
germination and yield potential of crops and rendering sys-
temic resistance to abiotic stresses in a range of environ-
mental conditions. As a result, halopriming would be a
promising technique in the time ahead for sustainable food
security and to sustain green agricultural practices with
much fewer threats to the environment.
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