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Abstract

Salinity is increasingly considered as a major environmental issue, which threatens

agricultural production by decreasing yield traits of crops. Seed priming is a useful

and cost-effective technique to alleviate the negative effects of salinity and to enable

a fast and uniform germination. In this context, we quantified the effects of priming

with gibberellic acid (GP), calcium chloride (CP), and mannitol (MP) on seed germina-

tion of three bread wheat cultivars and investigated their response when grown at

high salinity conditions (200 mM NaCl). Salt exposure strongly repressed seed imbibi-

tion and germination potential and extended germination time, whereas priming

enhanced uniformity and seed vigor. Seed preconditioning alleviated the germination

disruption caused by salt stress to varying degrees. Priming mitigating effect was

agent-dependent with regard to water status (CP and MP), ionic imbalance (CP), and

seed reserve mobilization (GP). Na+ accumulation in seedling tissues significantly

impaired carbohydrate and protein mobilization by inhibiting amylase and proteases

activities but had lesser effects on primed seeds. CP attenuated ionic imbalance by

limiting sodium accumulation. Gibberellic acid was the most effective priming treat-

ment for promoting the germination of wheat seeds under salt stress. Moreover,

genotypic differences in wheat response to salinity stress were observed between

varieties used in this study. Ardito, the oldest variety, seems to tolerate better salinity

in priming-free conditions; Aubusson resulted the most salt-sensitive cultivar but

showed a high germination recovery under priming conditions; Bologna showed an

intermediate behavior.
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1 | INTRODUCTION

Wheat is a major staple crop in the world and the leading source of

carbohydrates and plant proteins in the human diet (Fita et al., 2015),

hence plays a crucial role in food security. The increase of human pop-

ulation and environmental stresses are big challenges for agriculture

in the next years.

Salinity is one of the major abiotic stresses that affect crop pro-

duction in arid and semi-arid areas (Hossain et al., 2021; Johnson &

Puthur, 2021). In many crop species, seed germination and early

seedling growth are the most sensitive stages to salinity stress

(Nonogaki, 2006, 2014). Therefore, rapid germination and emergence

are critical steps for successful crop establishment (Bewley

et al., 2012).

Salinity affects seed germination through osmotic stress, ion-

specific effects and oxidative stress (Debez et al., 2020). Indeed, water

uptake during imbibition decreases with increasing external osmotic

potential, sodium and chloride ions being toxic on embryo viability

(Liu et al., 2018), and high salt accumulation in plant tissues induces

an over-production of ROS leading to an oxidative status imbalance.

The toxic effects related to oxidative stress include disruption of the

structure of enzymes and other macromolecules, damage to cell

organelles and the plasma membrane, disruption of respiration, photo-

synthesis and protein synthesis (Nxele et al., 2017). Salt stress may

also delay the onset, reduce the rate, and increase the dispersion of

germination events, leading to reduction in plant growth and final crop

yield (Liu et al., 2018). A restriction in mobilization of seed storage

reserves in salt-treated seeds has been reported by (Kazachkova

et al., 2016) because many germination-associated metabolic changes

are inhibited or slowed down. However, the adverse effects of salt

stress can be alleviated by various approaches, including seed priming.

The latter is a pre-sowing treatment that exposes seeds to a specific

solution for a certain period that allows partial hydration without radi-

cle emergence (Farooq et al., 2019). Usually pre-sowing treatment

involves the first two stages of seed germination (imbibition and acti-

vation), and it eventually leads to a higher seed germination rate and

improves the germination uniformity (Devika et al., 2021). Treated

seeds are usually re-dried before use, but they would exhibit rapid

germination when re-imbibed under normal or stress conditions

(Ashraf & Foolad, 2005). When the primed seeds are sown, the imbibi-

tion phase and lag phase of water absorption are shortened, and the

pre-germination metabolic processes are stimulated, which makes the

seed ready for radicle protrusion (Gerna et al., 2018; Lutts

et al., 2016). Besides improving seed germination performance, this

cost-effective method ensures a faster emergence of seedlings, a vig-

orous growth, and confers tolerance to adverse conditions (Johnson &

Puthur, 2021; Marthandan et al., 2020). Priming was suggested to

generate a moderate abiotic stress during both soaking and dehydra-

tion steps allowing the seeds to cope with environmental stresses

during seedling establishment (Lutts et al., 2016).

Seeds generally contain starch, proteins and triacylglycerols, in

proportions depending on the plant species, as sources of matter and

energy. During germination, these major nutrient reserves are

hydrolysed specifically by amylases, proteases and lipases, respec-

tively (Bewley et al., 2012). One of the first signs of metabolic activity

in a germinating seed is the activation of enzymes that hydrolyse stor-

age reserves (Chibbar et al., 2004; Ali & Elozeiri, 2017). Hydrolytic

enzymes are normally present in the mature grain in a dormant or

latent state, becoming activated or synthesized from precursors, only,

under humid conditions (El-Hendawy et al., 2019; Hussain

et al., 2022). Gibberellins (GAs) are plant growth regulators and the

first to be synthesized in the scutellum of the embryo. GAs diffuse

into the aleurone layer and induce the production of hydrolytic

enzymes such as α-amylases active on the starch granules in the

endosperm (Rosental et al., 2014; Yahia & Carrillo-Lopez, 2018).

In wheat, two tissues sustain the embryo axis development, the

scutellum and the endosperm. The scutellum is close to the embryo

axis and is responsible of sucrose synthesis. The endosperm surrounds

the scutellum and consists mainly of dead cells full of starch and other

nutrients; its external surface is made of a single layer of living cells

called aleurone (Ruan & Fincher, 2017). The scutellum and the aleu-

rone layer provide the endosperm sugar, protein and lipid-hydrolyzing

enzymes near the time of the radicle protrusion (Ali & Elozeiri, 2017;

Chibbar et al., 2004). Starch is the most common storage carbohy-

drate in cereal grains accounting for about 70% of wheat grain on a

dry weight basis. It consists of the two glucose polymers amylopectin

and amylose, which together form insoluble, semi-crystalline starch

granules (Yahia & Carrillo-Lopez, 2018). In germinating seeds, the ini-

tial degradation of starch granules is associated with an increase in

amylolytic activity (Andriotis et al., 2016; L�opez-Coria et al., 2019).

Amylases are a class of enzymes that catalyze the hydrolysis of starch

into sugars such as glucose and maltose. α-amylase, an endoenzyme,

preferentially cleaves internal α-1,4 glycosidic bonds releasing large

glucan polymers (Chibbar et al., 2004). Subsequent degradation occurs

due to β-amylases, phosphorylases, maltases, and starch debranching

enzymes. β-amylases, first acts only on the non-reducing ends of amy-

lose and amylopectin, releasing β-maltose, which is rapidly converted

into natural mixtures of α- and β-isomers by mutarotation (Chibbar

et al., 2004). Maltases are specialized α-glucosidases acting on maltose

and other short maltooligosaccharides produced by amylases, con-

verting them to glucose (Marín-Sanz et al., 2020; Tan et al., 2013).

Invertases catalyzes sucrose hydrolysis to glucose and fructose pro-

viding monosaccharides to the glycolytic pathway or generating

glucose-mediated signals to regulate plant cell metabolism (Rosental

et al., 2014). Carbohydrates stored in the endosperm are the primary

source of energy in the developing embryo until it forms leaves and

the photosynthetic process takes over to supply the necessary energy

and chemical constituents for the developing plantlet (Bewley, 1997;

Bewley et al., 2012).

In wheat kernel, approximately 80% of total proteins consists of

prolamins, glutenins and gliadins, the so-called gluten proteins,

whereas the remaining 20% is composed of albumins and globulins

(Marín-Sanz et al., 2020; Tan-Wilson & Wilson, 2012). During seed

germination, the storage proteins are hydrolysed into amino acids that

remain in the storage tissue or are translocated to the developing axis

tissues for the synthesis of various enzymes and structural proteins.
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Storage proteins mobilization is affected by several environmental

factors (Ali & Elozeiri, 2017). The inhibition of storage proteins break-

down could be attributed to the decrease of various members of pro-

teasome and proteinase/peptidase in the germinating seeds under the

respective stress conditions (Debez et al., 2012; Tan et al., 2013).

GAs are used as important seed priming agents to mitigate abiotic

stresses in different crops. Although the beneficial effects of GAs on

germination is relatively well documented, only few reports focused

on GAs-priming-induced effects on seed reserves mobilization under

saline condition (Iqbal & Ashraf, 2013). Mannitol, when applied as

osmotic agent in seed osmo-priming, was found to improve the seed

ability to osmotic adjustment (Amooaghaie, 2011; Balaji &

Narayanan, 2019; Kumar & Rajalekshmi, 2021). Calcium ion (Ca2+) is

also one of the very important ubiquitous intracellular second mes-

senger molecules involved in many signal transduction pathways in

plants.

In the present study, we investigated the effects of seed priming

under salt excess using seed germination assay of wheat as a model

crop. Actually, three varieties were compared. The objectives of this

study are (1) to analyze the response of three wheat varieties to salin-

ity during germination (2) to quantify the effects of different priming

agents under salt and salt-free conditions and eventually (3) to define

the appropriate combination of priming agent and variety.

2 | MATERIAL AND METHODS

2.1 | Description of plant material

This research work was carried out in the laboratories of CREA in

Vercelli during 2019–2020 winter season. After a preliminary test,

three varieties, Ardito, Bologna, and Aubusson, were selected from

the collection of Triticum aestivum as representative of wheat breed-

ing in Italy during the 20th century (Laino et al., 2015; Ormoli

et al., 2015). Ardito is an ancient bread wheat (bred in 1916) whereas

Bologna and Aubusson are modern varieties (released in 2002 and

2003, respectively). According to the Italian bread wheat classification

system (Foca et al., 2007); cv Bologna is an improver wheat, with hard

seed texture, high protein content and high gluten strength, whereas

cv Aubusson is an ordinary breadmaking wheat, with medium seed

texture, medium protein content and medium gluten strength. The

three cultivars were grown in 2016–2017 season and, after harvest,

were kept at 4�C until they were used.

2.2 | Experimental design

Wheat grains were surface-sterilized for 10 min with 2% sodium

hypochlorite (NaOCl) and thoroughly washed with distilled water and

surface dried. First, two treatments (NPN, no priming and no stress;

NPS, no priming and salt stress) were used to determine the effect of

salt stress on wheat seed germination. Next, seeds were soaked using

either (i) hormonal priming (GP, .1443 mM gibberellic acid) (ii) halo-

priming (CP, 50 mM calcium chloride), or (iii) osmo-priming (MP,

110 mM mannitol). Priming took place in the dark with continuous

gentle stirring for 12 h. The ratio of seeds to solution was 1:5 (w/v)

(Chen et al., 2021). After priming, seeds were re-dried at ambient con-

ditions to reach their original moisture content and then stored at 4�C

in a sealed box over silica gel and used for analyses within 1 year.

Seed germination was periodically tested to confirm that the

advanced germination achieved by the priming treatment was

retained.

Petri dishes were covered with double-layered Whatman filter

paper (Whatman 1, GE Healthcare, Little Chalfont, UK) moistened

with 10 mL of ultrapure MilliQ water or 10 mL of 200 mM NaCl.

Seeds (35 per Petri dish, n = 3 per treatment) were placed to germi-

nate in the dark at 25�C for up to 4 days. The experiment was

repeated three times.

Seeds were considered germinated when there was radicle pro-

trusion through the seed coat (Bewley, 1997). The germination per-

centage was monitored at 8, 16, 24, 32, 48, 56, 72, and 96 h in

control and treated seeds. The highest mean daily germination and

speed of germination were reached at 24 h; therefore, mobilization

activity of stored reserves was studied at that time. Germinating seeds

were sampled after 24 h, weighed and stored in liquid nitrogen until

used for the analysis of hydrolytic enzyme activities. Seed water con-

tent was calculated on an FW basis by the formula: RWC =

(FW � DW)/FW � 100.

At the end of experiment duration (96 h), endosperms were

removed, dried and weighed. The percentage of mobilized reserves

was estimated from the dry weight of remaining endosperms at the

end of experiment (tf) as a percentage of the initial weight (t0). At the

same time, seedlings were harvested, and their growth determined as

radicle and coleoptile length (data not shown), then weighed and

stored in liquid nitrogen until use. Sodium accumulation and reparti-

tion was determined in radicle, coleoptile and remaining endosperm

on dried samples by ICP-MS.

2.3 | Modeling of germination kinetics parameters

In order to test the genotypic variation for salt tolerance, germination

analysis in control versus salt conditions was carried out by the

“Germinator_curve-fitting 1.31.xls” Microsoft Excel solver, part of

the Germinator software package (Joosen et al., 2010).

Germination performance was assessed by using the following

data: maximum germination (Gmax), mean germination time (MGT),

time for 50% viable seed germination (T50), germination uniformity

(Ub-a), and area under the germination curve (AUC). AUC is the area

between the germination curve and the x-axis (the germination time).

Higher values for AUC correspond to earlier and higher germination

rates. The germination uniformity (U) can be set to different ranges of

germination; for example, U7525 is the uniformity from 25% to 75%

of germinated seeds.

Stress index was calculated as follows: ΔAUC = AUC (water) �
AUC (salt).
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The coefficient of velocity of germination (CVG), Germination

index (GI) and germination rate index (GRI) were calculated as follows,

according to Kader (2005):

CVG¼N1þN2þ���þNx=100�N1T1þ���þNxTx

where N = No. of seeds germinated each day and T = No. of days

from seeding corresponding to N.

GI¼ 10�n1ð Þþ 9�n2ð Þþ �� �þ 1�n10ð Þ

where n1, n2. … n10 are number of germinated seeds on the first, sec-

ond and subsequent days until the 10th day and 10, 9, … and 1 are

weights given to the number of germinated seeds on the first, second

and subsequent days, respectively.

GRI %=dayð Þ¼G1=1þG2=2þ���þGx=x

G1 = Germination percentage � 100 at the first day after sowing and

G2 = Germination percentage � 100 at the second day after sowing.

2.4 | Hydrolytic enzyme activity measurement
during germination

For each hydrolytic enzyme extraction, about .5 g of seeds from each

treatment were grounded to fine powder in liquid nitrogen in a chilled

mortar. The resulting powder was then homogenized with the proper

buffer as hereafter described.

2.4.1 | Proteolytic activity

Protease activity assay was adapted according to Brouquisse et al.

(1998). Extraction of total proteins was performed by homogenization

(1:5, w/v) in 50 mM Tris–HCl buffer (pH 7.5), containing 5 mM ß-

mercaptoethanol and .5% (v/v) polyvinylpolypyrrolidone followed by

centrifugation at 20,000 g for 30 min. An aliquote of the supernatant

was incubated with azocasein (5 mg mL�1 prepared in 100 mM

sodium citrate pH 5.5) for 1 h at 37�C. The reaction was stopped by

15% (v/v) trichloracetic acid (TCA). After 10 min on ice, the mixture

was centrifuged at 20,000 g for 10 min. One milliliter of 1 M NaOH

was then added to the supernatant, and the absorbance was read at

440 nm. The azocasein degrading activity was calculated using the

extinction coefficient E1% azocasein in 1 M NaOH = 37 L cm�1 g�1.

2.4.2 | Total amylolytic activity

Amylase activity was determined as described by Dure (1960) accord-

ing to the Bernfeld (1951) procedure, using soluble starch (potato

starch, Sigma chemical, USA) as a substrate. The reducing groups

released from starch are measured by the reduction of

3,5-dinitrosalicylic acid (Miller, 1959). Materials were homogenized

with 4 (w/v) ice-cold unbuffered MilliQ water and centrifuged at

14,000 g for 30 min at 4�C. The resulting supernatants were filtered

through a single layer of muslin cloth and assayed as a crude extract

of enzyme within 1 h after homogenization. The endogenous reducing

sugars of the supernatant were measured separately and subtracted

from the values obtained in the assay. The standard was run with

maltose and the enzyme activity was expressed as μmol maltose

min�1 g�1 DW. One unit (U) of amylase is defined as the amount of

enzyme that releases 1 μmol of reducing sugar as maltose per minute

under the assay condition.

2.4.3 | α- and β-Amylase activities

The separation of the two enzymes involved the selective inactivation

of one and assaying for the other, based on differences in their physi-

cal properties in cereals (Dure, 1960). For α-amylase assay, the crude

enzyme extract (2.4.2) was heated for 5 min at 70�C to inactivate

β-amylase. For β-amylase assay, 1 mL of the crude enzyme extract

was mixed with 1 mL of 1% soluble starch dissolved in citrate buffer

at pH 3.4 to discard α-amylase activity. One unit of enzyme was

defined as the amount of enzyme that produced 1 μmol of maltose

per minute under the assay conditions.

For the control of inactivation, the supernatant was added to a

buffer pH 3.4 and pre-treated for 5 min at 70�C, in this case, we

should not have any activity and then assayed as previously outlined.

2.4.4 | Invertase activity

Invertase activity was assayed using sucrose as substrate

(Mahadevan & Sridhar, 1982). The enzyme was extracted in cold .1 M

phosphate buffer pH 7.0. After centrifugation at 10,000 g for 15 min

at 4�C, the supernatant was added to 1.5 mL mixture containing cit-

rate buffer (pH 3.8) and sucrose (200 mM) at 37�C for 30 min. Free

hexoses were measured by dinitrosalicylic acid (DNS) method

(Bernfeld, 1951), using glucose as standard. Invertase activity was

expressed as μmol�1 min�1g�1 DW. One unit of invertase was

defined as the amount of enzyme that produced 1 μmol of glucose

per minute under the assay conditions.

2.4.5 | α-Glucosidase activity

It was assayed as described by Bergmeyer et al. (1983) using maltose

as substrate. The enzyme was extracted in cold .1 M phosphate buffer

pH 7.6. After centrifugation at 10,000 g for 15 min at 4�C, an aliquot

of supernatant was mixed with 1 mL of assay solution (Na-acetate

.1 M, pH 6.0, .5 M maltose) and incubated at 25�C for 5 min.

α-glucosidase activity, expressed as μmol�1 min�1g�1 DW, was mea-

sured by estimating the release of glucose used as standard and mea-

sured by DNS method (Bernfeld, 1951). One unit of α-glucosidase

was defined as the amount of enzyme that produced 1 μmol of glu-

cose per minute under the assay conditions.
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2.5 | Grain reserve content and released products

2.5.1 | Starch, soluble carbohydrates, reducing
sugars and glucose

Starch was determined as described by McCready et al. (1950). About

.5 g of sample seeds were homogenized in hot 80% (v/v) ethanol to

remove sugars, centrifuged and the residue was repeatedly washed

with hot 80% ethanol until the washing did not give color with

anthrone reagent. The residue was then dried over a water bath and

subjected to an acidic extraction for starch determination whereas the

alcoholic fraction served for the determination of soluble carbohy-

drates, reducing sugars and glucose contents. For starch determina-

tion, an appropriately diluted aliquot from the acidic fraction was

mixed with anthrone reagent. The absorbance was measured at

630 nm. The quantity of starch was calculated in terms of glucose

equivalent and factor .9 was used to convert the values of glucose to

starch (Barry-Ryan et al., 2020). The quantity of starch was expressed

as mg g�1 DW.

Soluble carbohydrates contents were determined by anthrone

sulfuric method according to Yemm and Willis (1954). Reducing

sugars content was measured by dinitrosalicylic acid method

(Bernfeld, 1951). Glucose contents were estimated according to Miller

(1959).

2.5.2 | Amylose, amylopectin and sucrose contents

Amylose content was estimated using the iodometric method

(McCready et al., 1950). Homogenized seeds (about .5 g) were incu-

bated with 1 mL of ethanol and 10 mL of 1 N NaOH at 100�C for

10 min. The volume was made up to 25 mL, followed by centrifuga-

tion. The extract (2.5 mL) was added with 20 mL water and three

drops of phenolphthalein, and .1 N HCl was added drop-wise until the

pink color disappeared. Lugol reagent (1 mL) was then added, the vol-

ume was made up to 50 mL, and the absorbance was read at 590 nm.

The amylopectin content was estimated as the difference between

starch and amylose.

Sucrose content was determined using the method of Van Handel

(1968). The tissue was homogenized with 80% (v/v) ethanol and kept

in water bath for 10 min to extract soluble sugars. Aqueous KOH

(30% (w/v), .1 mL) was added after cooling and kept in boiling water

bath for 10 min. Anthrone reagent was then added after cooling to

room temperature and incubated at 38�C for 20 min. The absorbance

was recorded at 620 nm, and the amount of sucrose expressed as

μg g�1 dry weight was calculated from the standard curve of sucrose

(20–250 μg).

2.5.3 | Protein and amino acid contents

Protein content was estimated by the Bradford (1976) dye-binding

assay at 595 nm. Bovine serum albumin (BSA) (Sigma) 1 mg/mL was

used as standard protein (5–80 μg).

Amino acids were estimated following the method of Moore and

Stein (1954). Seeds were grounded in a mortar with 80% ethanol and

then boiled for 30 min at 70�C. The homogenate was centrifuged at

8000 g for 20 min at 4�C. The supernatant was tested for amino acid

content using the ninhydrin method (Moore & Stein, 1954). The opti-

cal density was read at 570 nm using a spectrophotometer. Standard

glycine (Sigma) .025–.5 mg mL�1 was used for calibration.

2.6 | Sodium accumulation

Dried samples (radicles, coleoptiles, and endosperms collected at 96 h

of germination) of about 30 mg were digested in 7 mL of 65% (v/v)

HNO3 using a microwave digestion system (Anton Paar MULTIVAWE

3000). The mineralized material was diluted 1:40 (v/v) in Milli-Q water

(to a final volume of 10 mL) and filtered on a .45-μm PVDF mem-

brane. Mineral content was measured by inductively coupled plasma

mass spectrometry (ICP-MS; Bruker Aurora M90 ICP-MS).

2.7 | Statistical analysis

Significant differences were further analyzed using Duncan’s test

(at 5% level of significance) to identify differences between treat-

ments for T. aestivum cultivars. All tests were carried out with XLSTAT

software version 2014 (Addinsoft, France). To highlight the intraspe-

cific response to salinity in bread wheat cultivars and the efficiency of

different priming agents, a principal component analysis (PCA) was

performed using XLSTAT software, considering variables centered on

their means and normalized with a standard deviation of 1.

3 | RESULTS

3.1 | Seed germination traits under salt and
priming effect

Irrespective of the cultivar, curve fitting and kinetics of germination in

un-primed seeds were clearly affected by salt stress (Figure 1;

Table 1). Salt application induced a delay in radicle protrusion con-

comitant to extended germination time. In fact, as compared with the

control, time for 50% viable seed germination, mean germination time,

and germination uniformity increased significantly for all varieties

(Table 1). Twenty-four hours after seed sowing, germination percent-

age reached only 34%, 20% and 39% in stress vs 91%, 88% and 95%

in control conditions, in cv Ardito, Bologna and Aubusson, respec-

tively (Figure 1). At the same time, a decline in germination perfor-

mance was recorded, as revealed by the decrease in maximum

germination rate, the area under the curve, the germination rate index

and germination index, notably in cv Aubusson (Table 1). Overall, the

tested varieties responded differently to salt exposure. Specifically, cv

Ardito seemed to be more tolerant in comparison with Bologna and

Aubusson. In fact, the germination time (T10) was reduced in Ardito

(R = �.43), whereas germination performance (R = +.73) and
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uniformity (R = +.57) were higher. In absence of priming treatment,

cv Aubusson seems the most susceptible to salt stress.

Our data show a beneficial effect of different priming agents

on germination, with some differences among varieties: a

significant enhancement in GRI was observed, in cv Bologna, upon

treatment with hormonal and osmo-priming, whereas cvs Aubusson

and Ardito were positively affected by hormonal treatment

(Table 1).

F I GU R E 1 Effect of gibberellins, calcium chloride, and
mannitol seed priming on seed germination of the wheat
varieties Ardito, Bologna and Aubusson exposed or not to
200 mM NaCl. Data are means of thre replicates of 35 seeds
each per treatment from five independent experiments. NPN, no
priming, no stress; NPS no priming, salt stress; GP, gibberellins
priming, no stress; GPS, gibberellins priming, salt stress; CP,
calcium chloride priming, no stress; CPS, calcium chloride
priming, salt stress; MP, mannitol priming, no stress; MPS,
mannitol priming, salt stress.
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GRI reflects the percentage of germination on each day of the

germination period. Therefore, higher GRI values indicate higher and

faster germination. Although, the final germination rate was not signif-

icantly increased by priming application under salt-free conditions,

hormonal priming accelerated the radicle protrusion. Already, 8 h after

the onset of imbibition, germination rate reached 45%, 16%, and 30%

in Ardito, Bologna, and Aubusson, respectively, in comparison with

un-primed seeds, which sprouted only after 24 h (Figure 1). Probably,

gibberellins seed preconditioning stimulated germination processes

through shortening imbibition and activation stages.

Similarly, under saline conditions seed sprouting started at 8 h in

gibberellins pre-treated seeds. But, the germination rate decreased by

about 50% compared with the respective GP group. Accordingly,

parameters related to germination time decreased significantly after

T AB L E 1 Relative values of seed germination traits under control and saline conditions in different priming treatment groups.

Control Salt-treated

Treatments NPN GP CP MP NPS GPS CPS MPS

ARDITO

Gmax% 99 ± 1 (ab) 99 ± 1 (ab) 96 ± 1 (bc) 100 ± .1 (a) 91.4 ± 2 (c) 99 ± 1 (ab) 94 ± 2 (bc) 97 ± 2 (abc)

T50maxG 18 ± 1 (bc) 12 ± 4 (bc) 15 ± 3 (bc) 14 ± 3 (bc) 31 ± 2.5 (a) 17 ± .1 (c) 21 ± 1 (b) 19 ± 1 (bc)

MGT 18.2 ± 1 (d) 13 ± 4 (cd) 16 ± 2 (cd) 15 ± 3 (cd) 32.4 ± 2 (a) 20 ± .1 (cd) 24.5 ± 1 (b) 22 ± 1 (bc)

U7525 4.8 ± 1 (c) 3.4 ± 2.5 (c) 5.5 ± 2 (c) 5.1 ± 2 (c) 24.4 ± 1 (a) 19 ± .4 (b) 21 ± 3 (ab) 18.8 ± 2 (b)

T10maxG 13.6 ± 2(a) 9.6 ± 5 (abc) 11 ± 4 (abc) 10 ± 4 (abc) 14.3 ± 2 (a) 5.6 ± .2 (c) 8 ± .3 (b) 7 ± .4 (b)

AUC96h 77 ± .7 (a) 86 ± 2 (ab) 76.5 ± 2 (ab) 80 ± 2 (a) 58 ± 2 (d) 73 ± .2 (b) 67 ± 2.4 (c) 70 ± .5 (c)

SI = ΔAUC Ns Ns Ns Ns 19 ± 2 (a) 13 ± 2 (b) 9.5 ± 3 (b) 1.3 ± 2 (b)

GRI 42 ± .5 (bc) 45.5 ± 1 (a) 44 ± .4 (cd) 36 ± 1 (ab) 31 ± 1 (g) 42 ± .6 (d) 40. ± .2 (f) 38 ± .5 (e)

CVG 13 ± .5 (c) 12 ± .3 (c) 13 ± .5 (c) 16 ± .5 (c) 19 ± 1.6 (a) 12 ± .1 (b) 17 ± .7 (b) 17 ± 1 (b)

GI 344 ± 4 (ab) 345 ± 5 (ab) 347 ± 1 (bc) 313 ± 8 (a) 291 ± 6 (e) 333 ± 5 (bc) 332 ± 3 (d) 324 ± 6 (cd)

BOLOGNA

Gmax% 95 ± 1 (a) 98 ± 1 (a) 95 ± 1 (a) 97 ± .1 (a) 83 ± 2 (b) 95 ± 1 (a) 94 ± 2 (a) 92 ± 2 (a)

T50maxG 18 ± 1 (b) 17 ± 3 (b) 19 ± 3 (b) 17 ± 3 (b) 31 ± 1 (a) 19 ± 2 (b) 18 ± 1 (b) 16 ± 1 (b)

MGT 18 ± 1 (b) 17 ± 3 (b) 19 ± 2 (b) 17 ± 2 (b) 33 ± 1 (a) 19 ± 2 (b) 20 ± 2 (b) 17 ± 1 (b)

U7525 4.5 ± 1 (d) 3.5 ± 2 (d) 3.5 ± 1 (d) 3 ± 2 (d) 17 ± 1 (a) 4 ± 2 (cd) 14 ± 3 (ab) 9 ± 1 (bc)

T10maxG 14 ± 2 (b) 14 ± 4 (abc) 16 ± 4 (b) 15 ± 4 (ab) 18 ± 1 (b) 15 ± 4 (ab) 8 ± .4 (c) 9 ± .3 (ab)

AUC96h 73.5 ± 2 (a) 76 ± 2 (a) 75 ± 3 (a) 76.5 ± 2 (a) 51 ± .2 (b) 71 ± 2 (a) 72 ± 1 (a) 71 ± 3 (a)

SI = ΔAUC Ns Ns Ns Ns 22 ± 2 (a) 5 ± .5 (b) 3 ± 1.7 (b) 5.5 ± 2 (b)

GRI 43 ± 1 (b) 46 ± .5 (a) 44 ± 1 (ab) 46 ± 1 (a) 26 ± .2 (e) 42 ± 1 (b) 38 ± 2 (d) 40 ± 2 (c)

CVG 12 ± .5 (b) 13 ± .5 (b) 12 ± .3 (b) 12 ± 1 (b) 16 ± 1 (a) 13 ± 1 (b) 15.3 ± 2 (a) 13 ± .2 (b)

GI 330 ± 4 (a) 341 ± 4 (a) 331 ± 4 (a) 339 ± 1 (a) 262 ± 5 (c) 327 ± 3 (ab) 316 ± 6 (b) 315 ± 9 (b)

AUBUSSON

Gmax% 100 ± .1 (a) 100 ± .1 (a) 98 ± 1.2 (ab) 100 ± .1 (a) 79.0 ± 1 (c) 99 ± 1 (a) 95 ± 1 (b) 99 ± 1 (a)

T50maxG 18 ± 2 (b) 16 ± 4 (bc) 16 ± 4 (bc) 14 ± 3 (bc) 27 ± 2 (a) 13 ± 3 (bc) 15 ± 1 (bc) 14 ± .3 (c)

MGT 19 ± 1 (b) 16 ± 4 (bc) 16 ± 4 (bc) 15 ± 3 (bc) 29 ± 1 (a) 14 ± 3 (bc) 17 ± 1 (bc) 15 ± .3 (c)

U7525 3 ± 1 (c) 2 ± .5(c) 1.4 ± .4(c) 5 ± 1 (bc) 23 ± .5(a) 4 ± 2 (bc) 9 ± 2(b) 7 ± .4(b)

T10maxG 16 ± 2 (a) 14 ± 4 (ab) 15 ± 4 (ab) 10 ± 5 (ab) 12 ± 1(a) 10 ± 4 (ab) 8 ± .4(b) 8 ± .3(b)

AUC96h 76.5 ± 1 (a) 81.6 ± 4 (a) 78 ± 5 (a) 83 ± .2 (a) 52 ± 2(b) 76.2 ± 3 (a) 74 ± 2(a) 78 ± .4(a)

SI = ΔAUC Ns Ns Ns Ns 24.5 ± 2(a) 5.4 ± .4(b) 4 ± 2(b) 5 ± .5(b)

GRI 45 ± .4 (b) 49 ± .1(a) 47 ± .5 (ab) 47 ± .3 (ab) 27 ± 1(d) 46 ± 1(b) 42 ± 2(c) 45 ± 1(b)

CVG 13 ± .4 (ab) 12 ± .1 (ab) 12 ± .3 (ab) 13 ± 02 (ab) 13 ± .2 (ab) 13 ± .4 (ab) 13 ± 1(a) 13 ± .4(a)

GI 347 ± 1 (a) 349 ± .4 (a) 342 ± 4.5 (a) 348 ± 1 (a) 257 ± 5(c) 344 ± 5(a) 326 ± 7(b) 343 ± 4(a)

Note: Different letters within a line indicate a significant difference at p < .05.

Abbreviations: NPN, no priming, no stress; NPS no priming, salt stress; GP, gibberellins priming, no stress; GPS, gibberellins priming, salt stress; CP, calcium

chloride priming, no stress; CPS, calcium chloride priming, salt stress; MP, mannitol priming, no stress; MPS, mannitol priming, salt stress; Gmax%, maximal

rate of germination; T50maxG, time for 50% viable seed germination; MGT, mean germination time; U7525, uniformity from 25% to 75% of germinated

seeds; T10maxG, time for 10% viable seeds; AUC96h, area under the curve; SI (ΔAUC), stress index; GRI, germination rate index; CVG, coefficient of velocity

of germination; GI, germination index.
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hormonal priming (Table.1). On the other hand, variables reflecting

germination potential were increased significantly in CPS and MPS

treatments compared with their respective NPS treatments (Table 1).

Calcium chloride mitigated the harmful effect of NaCl because the

CPS group manifested an early radicle protrusion expressed by a neg-

ative correlation of T50 (R = �.36) and MGT (R = �.34) as showed in

Pearson’s correlation (Table 3).

AUC is the area between the germination curve and the x-axis

(the germination time). Under salt exposure, AUC values (Table 1)

were enhanced under gibberellins (R = +.36) and mannitol (R = +.33)

pre-treatment, reflecting an earlier and higher germination with

respect to unprimed seeds (Table 3).

The stress index (SI) or ΔAUC was significantly higher in the salt-

stressed NPS (no primed and salt stress) treatment compared with

GPS (gibberellins priming and salt stress), CPS (calcium chloride prim-

ing and salt stress), and MPS (mannitol priming and salt stress)

(Table 1).

3.2 | Salinity and priming impact on water
imbibition and reserve mobilization

All priming agents stimulated water uptake in germinating seeds with

a significant increase in water content, which almost doubled com-

pared with NPN treatment (Figure 2a). Salt addition (200 μM NaCl) in

the germination media subjected seeds to an osmotic stress limiting

water uptake by seed tissues. Consequently, water content in germi-

nating seeds in presence of NaCl showed a drastic decrease with

respect to the non-saline conditions both in primed and unprimed

groups (Figure 2a). Water content values were comparable among the

primed groups exposed to salinity and NPN treatment. Under salt

exposure, pre-soaking seeds in mannitol or calcium chloride improved

water status and increased significantly water content (R = +.48 and

R = +.36), respectively, for both agents as demonstrated by Pearson’s

correlation matrix (Table 3).

The percentage of mobilized seed reserves calculated at the end

of germination experiment provided information about the extent of

seed reserves utilized by the embryo for radicle and coleoptile emer-

gence during germination. In unprimed seeds, salinity significantly

decreased reserve mobilization in germinating seeds by �43%, �45%,

and �38%, in comparison with NPN treatment, in Ardito, Bologna,

and Aubusson, respectively (Figure 2b). In non-saline conditions, gib-

berellins and, to a lesser extent, mannitol were more effective than

calcium chloride as priming agents with regard to improving reserve

mobilization (Table 2). This trend was marked in all varieties subjected

to hormonal and osmo-priming, with a more pronounced increase of

mobilized seed reserves in seeds pre-treated by gibberellins

(Figure 2b).

Under salt exposure, gibberellins and calcium chloride were more

effective than mannitol in mobilizing reserves when compared with

unprimed seeds subjected to the same constraint. This trend was

especially true for Ardito and Bologna (Figure 2b). PCA analysis and

Pearson’s correlation matrix demonstrated a promoting effect of gib-

berellins on seed reserves mobilization (R = +.72), suggesting a key

role in stored reserves hydrolysis through carbohydrates and proteins

metabolizing enzymes activation.

F I GU R E 2 Effect of gibberellins, calcium chloride, and mannitol seed priming on relative water content (a) and mobilized seed reserves
percentage (b) in the wheat varieties Ardito (white pattern), Bologna (gray pattern) and Aubusson (dark pattern) exposed or not to 200 mM NaCl.
Relative water content and mobilized seed reserves percentage were measured 24 and 96 h after the onset of imbibition, respectively. Values are
means ± SE of triplicates from five independent experiments (p ≤ .05). Bars with different letters represent values statistically different. Different
small letters indicate significance under salt-free conditions, whereas different capital letters designate significance under salt exposure. NPN, no
priming, no stress; NPS no priming, salt stress; GP, gibberellins priming, no stress; GPS, gibberellins priming, salt stress; CP, calcium chloride
priming, no stress; CPS, calcium chloride priming, salt stress; MP, mannitol priming, no stress; MPS, mannitol priming, salt stress.
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3.3 | Effect of salt stress on starch breakdown and
enzymes involved in polysaccharide hydrolysis

Total amylolytic activity (Figure 3a) and α- and β-amylases activities

(Figure 3b; Figure 3c) were significantly enhanced by priming, in par-

ticular hormonal priming, resulting in a significant reduction in starch

content in endosperms with respect to the NPN group (Figure 3d).

This was more pronounced with hormonal priming application,

especially in Aubusson, which showed 32% higher hydrolyzed

starch compared with NPN treatment in presence of gibberellins

(Figure 3d).

Priming agent-dependent effect on amylose content was lesser

marked than on amylopectin (Figure 3). Only gibberellin pre-treatment

induced a decrease (ca. 14%) in amylose content compared with NPN

T AB L E 2 Pearson’s correlation matrix.

Note: Heat map of correlations among germination traits under non-saline conditions comparing the effect of different seed priming in three wheat

varieties (Ardito, Bologna, and Aubusson). Variables were centered around their means and normalized with a standard deviation of 1, n = 3. Values in bold

represent the statistically significant correlations at .05 (*), .01 (**), and .001 levels (***). Two different colors (red and blue) are used to differentiate

positive from negative correlation. Positive correlation interval from (zero to +1): (red gradient). Negative correlation interval from (�1 to zero): (blue

gradient). White color correspond to zero.

Abbreviations: Gmax%, maximal rate of germination; T50maxG, time for 50% viable seed germination; MGT, mean germination time; U7525, uniformity

from 25% to 75% of germinated seeds; T10maxG, time for 10% viable seeds; AUC96h, area under the curve; GRI, germination rate index; CVG, coefficient of

velocity of germination; GI, germination index; RWC, relative water content; MSR%/mobilized seed reserves percentage; Tot. amy, Total amylolytic

activity; α-amy, α-amylase activity; β-amy, β-amylase activity; invertase, invertase activity; α-gluc, α-glucosidase activity; starch, starch content; amylose,

amylose content; amylopectin, amylopectin content; sucrose, sucrose content; S.carb, solubles carbohydrates content; Red.sug, reducing sugars content;

glucose, glucose content; protease, protease activity; protein, protein content; AA, amino acids content; [Na+] C, sodium concentration in coleoptiles;

[Na+] R, sodium concentration in radicles; [Na+] E, sodium concentration in endosperms.
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condition (Figure 3e). On the contrary, a significant decline in

amylopectin levels was observed regardless the priming agent

(Figure 3f).

In absence of priming, salt exposure reduced significantly total

amylolytic activity, α and β-amylases activities. Salinity impact was

more pronounced on α-amylase (Figure 3b) than on β-amylase

(Figure 3c) with a reduction ranging between �30% and �20%,

respectively.

In pre-treated seeds, gibberellins and calcium chloride seems to

be more effective than mannitol in alleviating the deleterious effect of

salt on amylolytic activity. Indeed, with respect to NPS treatment,

GPS and, to a lesser extent, CPS groups showed an improvement of

total amylase activity for all varieties (Figure 3a).

As amylase is considered the main player in starch degradation,

the reduction of its activity hampered starch breakdown. Hence, a sig-

nificant increase (+29%) of starch content was observed in Bologna

cultivar in presence of NaCl compared with the NPN treatment

(Figure 3d). The amylolytic activity inhibition (Figure 3a–c) results in a

slow-down of starch polymers hydrolysis in soluble carbohydrates

(R = �.70).

Interestingly, priming application counteracted the inhibitory

effect of salt on starch breakdown. In particular, gibberellins pre-

treatment was the most effective on polysaccharides hydrolysis under

salinity constraints with respect to mannitol, followed by calcium chlo-

ride (Figure 3d). As demonstrated by Pearson’s correlation matrix, the

exogenous supply of gibberellins enhanced polysaccharides debranch-

ing enzymes activities in particular total amylase (R = +.62) and

β-amylase (R = +.48).

This observation was also valid for mobilized seed reserves per-

centage in germinating seeds subjected to salt (Figure 2b). Indeed,

with respect to NPS treatment, starch content in endosperms

undergoes a significant decrease of about 30% and 20%, respectively,

in GPS and CPS. Hence, in all varieties, gibberellins were found to

enhance not only seed reserve mobilization (Figure 2b) but also amy-

lolytic activity (Figure 3a) and starch hydrolysis when seeds were

exposed to salt (Figure 3d).

3.4 | Effect of salt on carbohydrate status and
enzymes involved in oligosaccharides hydrolysis

Both invertase and α-glucosidase activities were significantly inhibited

in the presence of salt stress under unprimed conditions, cv Aubusson

being the most affected compared with the other cultivars. In detail,

the NPS treatment of Aubusson induced a significant reduction of

α-glucosidase (Figure 4d) and invertase (Figure 4a) activities compared

with NPN (R = �.69 and R = �.68, respectively).

The inhibition of invertase and α-glucosidase, two enzymes

that play a pivotal role in oligosaccharide mobilization, reduced

oligosaccharides, in particular sucrose, hydrolysis (Figure 4b). Total

soluble carbohydrates fraction which constitutes both reducing and

non-reducing sugars remains unchanged in Bologna and Aubusson

cultivars but decreased significantly (about �20%) in Ardito

(Figure 4e). Under salt stress, the content of glucose (Figure 4f)

and reducing sugars (Figure 4c), assumed to be the product of

invertase and α-glucosidase enzymes action, showed a drastic

decrease with respect to NPN treatment (R = �.64 and R = �.82,

respectively).

Under the non-saline conditions, all priming agents enhanced sig-

nificantly enzymatic activity of both enzymes except for cv Aubusson,

on which only hormonal priming acted positively.

All priming agents also stimulated carbohydrates profile

expressed as an increase in soluble carbohydrates (Figure 4e), reduc-

ing sugars (Figure 4c) and glucose (Figure 4f) contents especially in

germinating seeds pre-treated with gibberellins. In coherence, also the

Pearson’s correlation matrix showed a positive correlation between

amylase (R = +.76) and α-glucosidase (R = +.37) activities. The

increase of these enzyme activities was followed by a decrease in

their respective substrates suggesting probably a contribution of gib-

berellins on the enhancement of hydrolyzing reserves.

Under salt exposure, Ardito and Bologna did not show a signifi-

cant inhibition of invertase (Figure 4a) and α-glucosidase (Figure 4d) in

pre-treated seeds with respect to control conditions.

However, in Aubusson pre-treated with mannitol and subjected

to NaCl, salinity constraint was found to inhibit significantly both

enzymes (Figure 4a; Figure 4d) by about �19% in comparison

with MP.

The beneficial effect of seed priming under salt constraint alle-

viated invertase and α-glucosidase inhibition. The enzymes activity

decline was about �30% in NPS group but did not exceed �18% in

primed samples when compared with controls (Figure 4a;

Figure 4d).

In saline conditions, as invertase activity was inhibited in primed

Aubusson (Figure 4a), the substrate (sucrose) showed higher levels

than in control conditions (Figure 4b). A significant increase in sucrose

contents were recorded in GPS, CPS, and MPS treatments compared

with their respective controls. Under salt exposure, soluble carbohy-

drates (Figure 4e), reducing sugars (Figure 4c) and glucose (Figure 4f)

diminished in all varieties but always showed higher levels in primed

seeds than in unprimed seeds.

F I GU R E 3 Effect of gibberellins, calcium chloride, and mannitol seed priming on total amylase activity (a), α-amylase activity (b), β-amylase
activity (c), starch content (d), amylose content (e), and amylopectin content (f) measured 24 h after the onset of imbibition in the wheat varieties
Ardito (white pattern), Bologna (gray pattern) and Aubusson (dark pattern) exposed or not to 200 mM NaCl. Values are means ± SE of triplicates
from five independent experiments (p ≤ .05). Bars with different letters represent values statistically different. Different small letters indicate
significance under salt-free conditions, whereas different capital letters designate significance under salt exposure. NPN, no priming, no stress;
NPS no priming, salt stress; GP, gibberellins priming, no stress; GPS, gibberellins priming, salt stress; CP, calcium chloride priming, no stress; CPS,
calcium chloride priming, salt stress; MP, mannitol priming, no stress; MPS, mannitol priming, salt stress.
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3.5 | Effect of salt on proteolytic activity and
protein remobilization

In absence of priming, salt affected severely proteolytic activity in all

varieties, inhibiting significantly protein hydrolysis (R = �.71) and

amino acids release (R = �.75) (Table 3). In comparison with NPN

group, NPS treatment showed a reduction of 37%, 55%, and 60% in

protease activity in Ardito, Bologna, and Aubusson, respectively

(Figure 5a). At the same time a marked decrease in free amino acids

release (Figure 5c) was recorded for all varieties in particular Aubus-

son (�43%). Consequently, an increase in protein content was

observed (Figure 5b).

Considering all varieties germinated in salt-free conditions, Ardito

got the highest benefits in term of protease activity (Table 2) which

was enhanced by about +120%, +48%, and +94% when the cultivar

was pre-treated by gibberellins, calcium chloride and mannitol com-

pared with the NPN (Figure 5a). Considering all priming agents, both

under salt (Figure 8) and salt-free conditions (Figure 7), gibberellins

seemed to be the most effective in promoting protein mobilization.

Under salt conditions, GP correlated with protease activity (R = +.54),

protein hydrolysis (R = �.34) and amino acids release (R = +.50)

(Table 3). Under salt exposure, Ardito and Bologna responded better

to both hormonal and halopriming, which alleviated significantly the

deleterious effect of salinity on proteins mobilization and attenuated

enzymatic inhibition (Figure 5a) compared with the unprimed seeds.

In detail, with respect to NPS group, gibberellins and, to a less extent

calcium chloride, stimulated significantly protease activity (Figure 5a)

and amino acids release (Figure 5c) in both varieties.

Conversely, in Aubusson, mannitol seems to be more effective on

protein hydrolysis than calcium chloride (Figure 5a and Figure 5b).

Hence, in this variety, gibberellins, followed by mannitol, acted posi-

tively on proteolytic activity (+63% and +42%) (Figure 5a) and amino

acids status (+67% and 41%) (Figure 5c) when compared with un-

primed seeds subjected to salt.

3.6 | Sodium accumulation and distribution
between plumule, radicle, and endosperm

Salt exposure often leads to sodium accumulation in germinating

seeds. The repartition of Na+ in seedling tissues is described in

Figure 6. Wide differences existed in terms of priming agent specific-

ity and genotypic response. In general, Na+ accumulation decreased

from radicles (Figure 6b) and coleoptiles (Figure 6a) to endosperms

(Figure 6c). In terms of Na+ concentration, coleoptiles accumulated

half of radicles and 25% of endosperm sodium (Figure 6). Under salt

exposure, the primed seeds accumulated in all tissues less sodium

than unprimed seeds. Hence, all priming agents reduced significantly

Na+ concentration in coleoptiles, roots, and endosperms but calcium

chloride resulted the most effective agent in limiting sodium accumu-

lation when compared with other priming agents used in this experi-

ment. Significant negative correlations were indeed revealed between

CPS and Na+ concentration in coleoptile (R = �.49), radicle

(R = �.38), and endosperm (R = �.48) (Table 3). As regards genotypic

differences, halopriming, in comparison with NPS treatment, resulted

in a decrease of sodium concentration of about �33%, �32%, and

�27% in the coleoptyles of Ardito Bologna and Aubusson, respec-

tively (Figure 6a). In radicles (Figure 6b) and under salt conditions,

Aubusson accumulated less sodium compared with Ardito and Bologna.

Moreover, a significant decrease in Na+ concentration under mannitol

(�17%) and calcium chloride (�19%) priming conditions were registered

in this variety with respect to NPS treatment. Nevertheless, in Ardito,

radicles sodium concentration did not change significantly comparing

primed and unprimed conditions.

In endosperms (Figure 6c), Na+ concentration was significantly

lower under priming conditions compared with NPS. All priming

agents reduced significantly sodium accumulation in endosperms but

calcium chloride was more effective. In detail, Ardito showed a

decrease in sodium concentrations of about �29% and �27%, respec-

tively, in GPS and CPS groups (Figure 6c); Aubusson exhibited a

reduction of about �31% and �22% in CPS and MPS, respectively.

3.7 | PCA analysis for traits

Under salt free-conditions, the PCA analysis (Figure 7) revealed varia-

tion among the traits for each cultivar, hence genotypic differences in

wheat during germination were observed in this study. Ardito, the old-

est variety was in the upper side of the score plot and differed from

Bologna and Aubusson, which are modern varieties. The first compo-

nent (F1) and second component (F2) explained 53.5% of the total vari-

ance. All priming treatments were on the right side of the score plot but

priming-free treatment was in left side. The variables related to reserve

mobilization were closely spaced to priming agents, indicating that their

responses during germination were similar. The loading plot of all the

measured variables included in the PCA is shown in Figure 7.

Under stress conditions, the use of PCA (Figure 8) provides an

indication of the most important traits contributing to salinity toler-

ance for the studied wheat cvs. The distribution of the genotypes and

priming treatments shows that F1 and F2 account for (67.91) % of the

F I GU R E 4 Effect of gibberellins, calcium chloride, and mannitol seed priming on invertase activity (a), sucrose content (b), reducing sugars
content (c), α-glucosidase activity (d), soluble carbohydrates content (e), and glucose content (f) measured 24 h after the onset of imbibition in the
wheat varieties Ardito (white pattern), Bologna (gray pattern) and Aubusson (dark pattern) exposed or not to 200 mM NaCl. Values are means
±SE of triplicates from five independent experiments (p ≤ .05). Bars with different letters represent values statistically different. Different small
letters indicate significance under salt-free conditions, whereas different capital letters designate significance under salt exposure. NPN, no
priming, no stress; NPS no priming, salt stress; GP, gibberellins priming, no stress; GPS, gibberellins priming, salt stress; CP, calcium chloride
priming, no stress; CPS, calcium chloride priming, salt stress; MP, mannitol priming, no stress; MPS, mannitol priming, salt stress.
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total variability in the set of variables (traits) analyzed in each geno-

type. All priming treatments were on the right side of the score plot

and positively correlated with reserves mobilization, relative water

content, and germination. In contrast, priming-free treatment was in

left side. Genotypic response varied under optimal and stress condi-

tions. Aubusson, the most salt-sensitive cultivar was in the upper side

of the score plot showing a high germination recovery under priming

conditions whereas Bologna with an intermediate behavior was

centered.

4 | DISCUSSION

Salinity is one of the major environmental constraints restricting

cereal productivity and sustainability in arid and semiarid regions

(Fita et al., 2015). T. aestivum is a moderately salt-tolerant crop (Bewley

et al., 2012) but is easily inhibited by salt stress, especially during the

early developmental stages (germination and seedling). This knowledge

is consistent with our data, even if we observed a cultivar-dependent

behavior. Our results revealed two aspects of the inhibitory effect

T AB L E 3 Pearson’s correlation matrix.

Note: Heat map of correlations among germination traits under saline conditions comparing the effect of different seed priming in three wheat varieties

(Ardito, Bologna, and Aubusson). Variables were centered around their means and normalized with a standard deviation of 1, n = 3. Values in bold

represent the statistically significant correlations at .05 (*), .01 (**), and .001 levels (***). Two different colors (red and blue) are used to differentiate

positive from negative correlation. Positive correlation interval from (zero to +1): (red gradient). Negative correlation interval from (�1 to zero): (blue

gradient). White color correspond to zero.

Abbreviations: Gmax%, maximal rate of germination; T50maxG, time for 50% viable seed germination; MGT, mean germination time; U7525, uniformity

from 25% to 75% of germinated seeds; T10maxG, time for 10% viable seed germination; AUC96h, area under the curve; GRI, germination rate index; CVG,

coefficient of velocity of germination; GI, germination index; RWC, relative water content; MSR%/mobilized seed reserves percentage; Tot. amy, Total

amylolytic activity; α-amy, α-amylase activity; β-amy, β-amylase activity; invertase, invertase activity; α-gluc, α-glucosidase activity; starch, starch content;

amylose, amylose content; amylopectin, amylopectin content; sucrose, sucrose content; S.carb, solubles carbohydrates content; Red.sug, reducing sugars

content; glucose, glucose content; protease, protease activity; protein, protein content; AA, amino acids content; [Na+] C, sodium concentration in

coleoptiles; [Na+] R, sodium concentration in radicles; [Na+] E, sodium concentration in endosperms.

14 of 22 SGHAYAR ET AL.



generated by NaCl on germination process, a delay in radicle protrusion

(Figure 1) and a reduction in germination performance (Table 1). The

delayed and lower seed germination under salt stress is generally attrib-

uted to salt-induced osmotic and ion-specific effects but also to oxida-

tive stress generated by ROS production (Debez et al., 2020; Hussain

et al., 2022; Munns, 2002). The detrimental effect of salinity on cereal

crops like wheat (El-Hendawy et al., 2019; Feghhenabi et al., 2020), bar-

ley (Debez et al., 2020), and sorghum (Chen et al., 2021) is widely dis-

cussed in the literature and several strategies have been suggested to

overcome soil salinity. Therefore, the exploitation of genetic variability

of available germplasm constitutes a promising strategy to identify a

tolerant genotype that may sustain a reasonable yield on salt affected

soils (El-Hendawy et al., 2019). Seed priming is also a useful and cost-

effective technique to cope with unfavorable conditions and enhance

seedling vigor (Lutts et al., 2016).

As expected, an improvement of germinability was observed after

seed priming (Figure 1) with respect to unprimed seeds. Interestingly,

out of the three wheat varieties analyzed, cv Aubusson, the most

F I GU R E 5 Effect of gibberellins, calcium chloride, and mannitol seed priming on protease activity (a), protein content (b), and amino acids
content (c) measured 24 h after the onset of imbibition in the wheat varieties Ardito (white pattern), Bologna (gray pattern) and Aubusson (dark
pattern) exposed or not to 200 mM NaCl. Values are means ± SE of triplicates from five independent experiments (p ≤ .05). Bars with different
letters represent values statistically different. Different small letters indicate significance under salt-free conditions, whereas different capital
letters designate significance under salt exposure. NPN, no priming, no stress; NPS no priming, salt stress; GP, gibberellins priming, no stress; GPS,
gibberellins priming, salt stress; CP, calcium chloride priming, no stress; CPS, calcium chloride priming, salt stress; MP, mannitol priming, no stress;
MPS, mannitol priming, salt stress.
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susceptible to salt stress, showed a higher germination recovery and

the best response to priming. Seed priming has been suggested to be

one of the most useful physiological approaches to adapt glycophyte

species to saline conditions (Farooq et al., 2019; Ahmad et al., 2021).

In this study, although the effects of three priming agents differed, all

compounds used promoted the germination of wheat seeds under salt

stress to some extent.

Salt exposure during germination results in a damage in hormone

balance especially concerning gibberellins (GAs)/abscisic acid (ABA)

(Uçarlı, 2020). ABA promotes seed dormancy and inhibits seed germi-

nation, whereas GAs release dormancy and stimulate germination.

Guangwu and Xuwen (2014) reported that gibberellins promoted seed

respiration, lowered ABA level and stimulated IAAs and GAs biosyn-

thesis. Seed priming with gibberellins significantly enhanced germina-

tion and seedling parameters in pea and wheat under saline

conditions (Rhaman et al., 2021; Tsegay & Andargie, 2018). Likewise,

Hussain et al. (2022) reported that the exogenous application of gib-

berellins mitigated salt and drought stress and enhanced plant growth

F I GU R E 6 Effect of gibberellins, calcium chloride, and mannitol seed priming on sodium content in coleoptile (a), radicle (b), and endosperm
(c) measured 96 h after the onset of imbibition in the wheat varieties Ardito (white pattern), Bologna (gray pattern) and Aubusson (dark pattern)
exposed or not to 200 mM NaCl. Values are means ± SE of triplicates from five independent experiments (p ≤ .05). Bars with different letters
represent values statistically different. Different small letters indicate significance under salt-free conditions, when different capital letters
designate significance under salt exposure. NPN, no priming, no stress; NPS no priming, salt stress; GP, gibberellins priming, no stress; GPS,
gibberellins priming, salt stress; CP, calcium chloride priming, no stress; CPS, calcium chloride priming, salt stress; MP, mannitol priming, no stress;
MPS, mannitol priming, salt stress.
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and development. In the same context, Ibrahim (2016) and Iqbal et al.

(2006) reported that seed priming with KCl and CaCl2 alleviates salt

stress damage and enhances several germination parameters in rice

and maize limiting the absorption of sodium and chloride ions and

increasing shoot fresh weight and dry weight.

Seed imbibition and subsequent embryo growth depend on water

status with water potential gradients representing the driving force

for water flow and finally tissue expansion (Ali & Elozeiri, 2017).

Water transport across cell membranes, mediated by aquaporins

(Devika et al., 2021) is essential for the initiation of metabolism.

F I GU R E 7 Principal component analysis of germination traits in the wheat cultivars Ardito, Bologna, and Aubusson, subjected to three
different seed priming treatments and germinated in salt-free conditions. Circles (•) represent different analysis parameters, squares (■) represent
different treatments (NPN, GP, CP and MP), and triangles (▲) represent the three wheat cultivars. Analysis parameters and treatments are
projected onto the F1–F2 principal factorial plane that explains 53.50% of the variation in salt-free conditions. Abbreviations: Gmax%, maximal
rate of germination; T50maxG, time for 50% viable seed germination; MGT, mean germination time; U7525, uniformity from 25% to 75% of
germinated seeds; T10maxG, time for 10% viable seed germination; AUC96h: area under the curve; GRI, germination rate index; CVG, coefficient of
velocity of germination; GI, germination index; RWC, relative water content; MSR%/mobilized seed reserves percentage; Tot.amy, Total
amylolytic activity; α-amy, α-amylase activity; β-amy, β-amylase activity; invertase, invertase activity; α-gluc, α-glucosidase activity; starch, starch
content; amylose, amylose content; amylopectin:amylopectin content; sucrose, sucrose content; S.carb, solubles carbohydrates content; Red.sug,
reducing sugars content; glucose, glucose content; protease, protease activity; protein, protein content; AA, amino acids content; [Na+] C, sodium
concentration in coleoptiles; [Na+] R, sodium concentration in radicles; [Na+] E, sodium concentration in endosperms.
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In our study, high salinity induced a substantial decrease of water

content in germinating seeds (Figure 2a) especially in NPS but this

effect was less severe in pre-treated seeds. Our results are in accor-

dance with Debez et al. (2020) and Ibrahim (2016), who explained

water uptake restriction in dry seeds during imbibition by an increase

in external osmotic potential generated by high salinity.

Therefore, internal osmotic adjustment was suggested to be

determinant in salinity alleviation and tolerance as reported by

Chaffei-Haouari et al. (2012) in wild and cultivated wheat species dif-

fering in osmolyte accumulation when exposed to NaCl. The disrup-

tion of water uptake is responsible of germination delay through a

decrease in the activity of α-amylase, and an increase in sodium and

F I GU R E 8 Principal component analysis of germination traits in the wheat cultivars Ardito, Bologna, and Aubusson, subjected to three different
seed priming treatments and germinated in presence of 200 mMNaCl. Circles (•) represent different analysis parameters, squares (■) represent
different treatments (NPS, GPS, CPS and MPS), and triangles (▲) represent the three wheat cultivars. Analysis parameters and treatments are
projected onto the F1–F2 principal factorial plane that explains 67.91% of the variation in presence of 200 mM NaCl. Abbreviations: Gmax%,
maximal rate of germination; T50maxG, time for 50% viable seed germination; MGT, mean germination time; U7525, uniformity from 25% to 75% of
germinated seeds; T10maxG, time for 10% viable seed germination; AUC96h:area under the curve; GRI, germination rate index; CVG, coefficient of
velocity of germination; GI, germination index; RWC, relative water content; MSR%/mobilized seed reserves percentage; Tot.amy, Total amylolytic
activity; α-amy, α-amylase activity; β-amy, β-amylase activity; invertase, invertase activity; α-gluc, α-glucosidase activity; starch, starch content;
amylose, amylose content; amylopectin, amylopectin content; sucrose, sucrose content; S.carb, solubles carbohydrates content; Red.sug, reducing
sugars content; glucose, glucose content; protease, protease activity; protein, protein content; AA, amino acids content; [Na+] C, sodium

concentration in coleoptiles; [Na+] R, sodium concentration in radicles; [Na+] E, sodium concentration in endosperms.
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chloride concentration (Uçarlı, 2020). A threshold level of hydration is

actually required for the synthesis of hydrolytic enzymes, which are

responsible for the hydrolysis of the stored compounds in mature

seeds (Rosental et al., 2014). Confirming previous studies (Ben

Youssef et al., 2021; Debez et al., 2020; Uçarlı, 2020), our findings

indicated that salt exposure not only impaired seed imbibition

(Figure 2a) but also led to high sodium accumulation in plant tissues.

Interestingly, calcium chloride priming was found to act on ionic

balance decreasing significantly Na+ accumulation in coleoptile, radi-

cle and endosperm with respect to NPS group. Ben Youssef et al.

(2021) reported similar observations in barley upon use of CaCl2 and

KNO3 seed priming, which limited the absorption and accumulation of

sodium ions, maintained potassium content and decreased the

sodium/potassium ratio in seedling tissues. Tian et al. (2015) reported

equivalent finding in wheat seedlings exposed to 100 mM NaCl after

calcium application. As the addition of 17.5 mM Ca (NO3)2 mitigated

the salt effect and maintained ion homeostasis increasing concentra-

tions of potassium (K+), calcium (Ca2+), magnesium (Mg2+), zinc

(Zn2+), iron (Fe2+), and copper (Cu2+). High Na+ resulted in the defi-

ciency of mineral nutrients (Ben Youssef et al., 2021; Tian et al.,

2015). The major cause of salt sensitivity in wheat may be attributed

to a mineral deficiency, in particular calcium depletion. Considering

the crucial role of this element in water and nutrient uptake and also

in maintaining the selectivity and integrity of the cell membranes, cal-

cium depletion causes a disorder in these mechanisms (Tian et al.,

2015; Yang et al., 2007). In addition, intracellular Ca2+ changes play a

role as a signal involved in the regulation of physiological functions in

response to salinity (Sen & Puthur, 2020).

However, others investigations on wheat shown that salinity

stress increased Ca2+ levels in plants (Yang et al., 2007). An increase

of the total calcium content in roots was partly due to plasma mem-

brane NADPH oxidase-dependent H2O2 generation in the salt-

tolerant wheat cultivar 89,122 exposed to 100 mM NaCl (Yang

et al., 2007).

Nxele et al. (2017) ascribed the divergent behavior of salt-tolerant

and salt-sensitive varieties to a difference in their ability to sequester

salt in vacuoles. Other mechanisms are thought to contribute to bet-

ter salt tolerance, such as the low rate of Na+ and Cl� transport to

leaves, and the ability to compartmentalize these ions in vacuoles to

prevent their build-up in cytoplasm or cell walls and thus avoid salt

toxicity (Munns, 2002).

The harmful impact of salinity on water and ionic status led to a

disruption in reserve mobilization (Figure 2b) and hydrolyzing

enzymes functionality (Figures 3 and 5). Besides the lack of sufficient

hydration in seed tissues, the toxic effect of excess sodium and chlo-

ride ions was reported to impair embryo viability contributing to a dis-

ruption in biochemical processes including nucleic and protein

metabolism, energy production, and respiration (Hussain et al., 2022).

Salt stress was reported to limit the mobilization of starchy endo-

sperm reserves in several species, because of the inhibition of differ-

ent enzymatic activities (Debez et al., 2020; Feghhenabi et al., 2020).

Likewise, Lira et al. (2021) reported that salinity caused the inhibition

of lipid mobilization and carbon reserves in two Jatropha curcas geno-

types differing in salt tolerance.

In our study, salinity affected carbohydrate and protein break-

down (PCA analysis, Figure 8). Starch mobilization results from simul-

taneous activities of α-amylase, β-amylase, α-glucosidase, and

invertase. Changes in mobilized seed reserves percentage in germinat-

ing seeds could be attributed to the starch hydrolysis as wheat is a

starchy grain (starch is the main storage carbohydrate in wheat and

comprises about 60%–75% of grain weight and 70%–80% of flour).

A positive correlation was observed in NPS group between Na+

accumulation in plant tissues (R = .69 in endosperm) and the failure in

polysaccharides debranching activity of starch (R = .67), amylose

(R = .37), and amylopectin (R = .66).

Salinity damaged enzymes controlling the mobilization of stored

reserves both carbohydrates and proteins. In our study, the strong

inhibition of amylase, β-amylase, invertase, α-glucosidase, and prote-

ase activities was followed by a decrease in final hydrolysis products

contents: glucose and amino acids.

The decrease in the α-amylase activity was suggested as an indi-

cator of germination vulnerability under salt exposure and to be more

acute in the salt-sensitive genotypes than in the salt-tolerant geno-

types (Hussain et al., 2022). Similarly, El-Hendawy et al. (2019) dem-

onstrated that the reduction in the α-amylase activity results in a

significant limitation in the translocation of sugars, essential for the

developing embryo.

Priming is reported to induce the activation and synthesis of

enzymes required to breakdown and mobilize stored food reserves

during germination (Gerna et al., 2018; Lee & Kim, 2000).

In germinating wheat seeds, water uptake stimulates the embryo

to produce phytohormones, mainly gibberellic acid (GA), which diffuse

to the aleurone layer and initiate a signaling cascade resulting in the

synthesis of α-amylases and other hydrolytic enzymes (Ali &

Elozeiri, 2017).

Seed pre-treatment with gibberellins was found to activate

hydrolyzing metabolism with respect to unprimed conditions. Priming-

induced increase in germination may be associated to a change in

plant hormone biosynthesis and signaling which may be impacted

directly by gene expression patterns (Lutts et al., 2016). Therefore, a

uniform endogenous concentration of GAs in primed seeds may help

to synchronize endosperm weakening, embryo cell elongation, and

reserve mobilization (Rhaman et al., 2021).

During rice germination, the biosynthesis of gibberellins in

embryo epithelium induced α-amylase in seed endosperm Kaneko

et al. (2002). The contents of bioactive gibberellins (GAs) decreased

after NaCl exposure. This inhibition was restored by exogenous bioac-

tive GA application as reported by (Liu et al., 2018).

Under salt exposure, our results indicate a higher content of total

soluble sugars, reducing sugars, glucose and amino acids in primed

seeds with respect to unprimed ones suggesting that salt-tolerance

ability of the pre-treated seeds was probably related to the accumula-

tion of osmolytes that play a key role in osmotic adjustment and water

conductance.
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The accumulation of internal solutes at low and moderate salt

stress conditions may assist in overcoming osmotic stress in some

plants (Johnson & Puthur, 2021; Sen & Puthur, 2020). Our findings

are in accordance to Chaffei-Haouari et al. (2012), showing that the

higher proline and total soluble carbohydrates concentrations

recorded in salt-tolerant wheat during germination conferred an

enhancement of water status and functionality of enzymes involved

in germination process. Thus, hyperaccumulation of soluble sugars

under salt stress enabled the cells to improve the tolerance to salinity

by increasing the osmotic pressure (Tian et al., 2015).

The present study addressed the relieving of the negative effects

of salinity through cost-effective seed priming in order to improve the

production of wheat under saline conditions. Common and low-cost

seed priming agents for osmo-priming, halopriming and hormonal

priming were used in this study. These different agents acted

diversely in stress conditions: mannitol and CaCl2 improved water sta-

tus, CaCl2 mitigated ionic imbalance limiting sodium accumulation in

plant tissues, whereas gibberellins stimulated seed reserve mobiliza-

tion and activated hydrolyzing enzymes of stored reserves. Gibberellic

acid was the most effective priming treatment for promoting the

germination of wheat seeds under salt stress. Moreover, genotypic

differences in wheat response to salinity stress were observed

between varieties used in this study. Ardito, the oldest variety, seems

to tolerate better salinity in priming-free conditions; Aubusson

resulted the most salt-sensitive cultivar but showed a high

germination recovery under priming conditions; Bologna showed an

intermediate behavior.
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