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1. Introduction

The stress caused by water scarcity is among the 
main external factors affecting germination and seedling 
development, as its limitation can reduce germination 
speed or even prevent it from occurring (Carvalho and 
Nakagawa, 2012). In this context, negative water potentials 
can prevent water absorption, compromising the sequence 
of events of the germination process (Colman et al., 2014). 

Thus, one of the most critical periods for plant survival 
is from germination to seedling establishment, so it is 
important to understand the mechanisms that make the 
seeds of some species able to germinate under water stress 
conditions (Marcos Filho, 2015).

The action of water stress on the germination process 
is important for understanding the ecophysiology of this 
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species and constitutes a tool that enables the evaluation 
of tolerance limits, survival and adaptation of species 
to the natural stress conditions (Guedes et al., 2013). 
However, physiological treatments can improve seed 
performance under these conditions. Physiological 
conditioning has been the most recent and interesting 
treatment for this purpose (Silva et al., 2016). This treatment 
synchronizes germination as much as possible through the 
activation of seed metabolism, seeking to reach a uniform 
level and as close as possible to the stage of primary root 
protrusion, via controlled hydration (Marcos Filho, 2015).

Besides the physiological conditioning, stress-
attenuating substances such as salicylic acid, gibberellic 
acid, hydrogen peroxide, among others, have been applied 
to improve the physiological quality of seeds, aiming to 
enhance their germination performance in response to 
adverse conditions (Gondim et al., 2010; Tian et al., 2014; 
Fardus et al., 2018). These substances have promoted 
improvements in the efficiency of metabolic processes 
or directly acted on metabolic pathways, which results 
in adaptation to abiotic stresses (Agostini et al., 2013).

Among the attenuating substances, salicylic acid has 
stood out for its potential to mitigate the effects of water 
deficit (Azooz and Youssef, 2010). This fact was verified 
by Silva et al. (2017) in seeds of sesame genotypes under 
different osmotic potentials. These authors found that 
salicylic acid at 10-5 M induced tolerance to water stress 
in one of the genotypes tested.

Gibberellic acid is an important phytohormone that 
influences a series of physiological processes, such as 
dormancy breaking, thus promoting germination and 
cell elongation (Taiz et al., 2017). This substance was 
responsible for significantly improving the germination 
characteristics of rye seeds under water stress, according 
to Ansari et al. (2013), who found that the percentage 
and germination speed, in addition to the uniformity and 
number of normal seedlings, were increased for seeds 
treated with this compound.

Different chemical substances have been used in seed 
pretreatment. However, the effectiveness of these different 
primary agents varies under different stresses, as well as 
among species. Attenuators typically act by activating 
the chemical signals involved in the induction of stress 
responses in plants, having gained importance worldwide 
due to their capacity to mitigate the adverse effects of 
abiotic stress (Tsegay and Andargie, 2018).

Salvia hispanica is commercially grown in Australia, 
Bolivia, Brazil, Colombia, Guatemala, Mexico, Peru and 
Argentina, with Mexico being the largest producer and 
exporter of its seeds. Japan, United States and Europe 
are the largest importers because of the antioxidant 
components and high contents of linoleic and α-linolenic 
acids in the seeds, which have great nutritional 
importance and are widely consumed (Ixtaina et al., 2008; 
Busilacchi et al., 2013; Stefanello et al., 2020). It is a species 
predominantly grown in regions of tropical and subtropical 
climate, but its cultivation has expanded to several 
localities, such as southern Brazil (Migliavacca et al., 2014), 
where it is more cultivated in the off-season, a period in 
which water availability begins to decrease in the soil 
(Zanatta et al., 2016; Simon et al., 2017).

Thus, the objective of this study was to evaluate the 
action of different attenuators on the germination and 
biochemical composition of S. hispanica seedlings under 
water stress.

2. Material and Methods

2.1. Experimental location and design

The experiment was conducted in the Seed Analysis 
Laboratory and in the Plant Physiology Laboratory of the 
Center of Agrarian Sciences of the Federal Rural University 
of the Semi-Arid Region (UFERSA), Mossoró, RN, Brazil. 
S. hispanica seeds from a commercial production field, 
located in the municipality of Santana do Livramento, 
Rio Grande do Sul, Brazil (30° 53’ 27” S, 55° 31’ 58” W and 
208 m attitude), were used. These seeds were manually 
processed, placed in a transparent plastic bag (0.15 mm 
thick) and stored in a cold and dry chamber (10 ± 2 °C and 
50% relative humidity) along the entire experimental period.

The statistical design used was completely randomized, 
in a 4 x 5 factorial scheme, corresponding to four attenuators 
(control, hydropriming, salicylic acid and gibberellic acid) 
and five water potentials (0.0, -0.1, -0.2, -0.3 and -0.4 MPa), 
with four replicates of 50 seeds for each treatment.

2.2. Treatments

The seeds were soaked for 4 hours in the solutions of 
the attenuators: salicylic acid (1 mM.L-1), gibberellic acid 
(0.4 mM.L-1), distilled water (hydropriming) and control 
treatment (without soaking). Then, two sheets of blot paper 
were placed inside the transparent plastic boxes (Gerbox®), 
which were moistened with polyethylene glycol (PEG6000) 
solutions using a volume corresponding to 2.5 times the 
paper dry weight, and sowing was performed. PEG 6000 
solutions were produced according to the values proposed 
by Villela et al. (1991) to simulate the previously established 
osmotic levels of 0.0, -0.1, -0.2, -0.3 and -0.4 MPa.

2.3. Germination

Germination tests were conducted in Biochemical 
Oxygen Demand (B.O.D.) germinators, regulated at 25 °C 
with 8-h light photoperiod (Paiva et al., 2016). The counts 
were performed daily until the eighth day after sowing, 
and those that had produced the primary root and shoots 
of seedlings were considered as germinated (Brasil, 2009).

Germination percentage was expressed as a percentage 
of normal seedlings germinated in each treatment, being 
determined at eight days after sowing.

The evaluation of the germination speed of S. hispanica 
seeds was performed simultaneously to the germination 
test, in which the seeds were counted daily, from the 
beginning of germination until the eighth day after sowing. 
The germination speed index (GSI) was calculated as 
proposed by Maguire (1962).

2.4. Biometric parameters

The lengths of the shoots and primary roots of the 
normal seedlings of each treatment were measured with a 
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ruler graduated in centimeters, from the base of the collar 
to the apex of the seedling, for shoot length, and from the 
base of the collar to the tip of the root, for primary root 
length. After being measured, the seedlings were placed 
in paper bags and dried in forced air circulation oven 
regulated at 65 °C for 72 h, until obtaining constant dry 
weight. Then, they were weighed on precision analytical 
scale (0.001 g) to determine the total dry mass.

2.5. Organic solutes

For biochemical analyses, the samples were obtained 
from the fresh mass of shoots and roots of the seedlings 
collected after eight days of stress. Initially, the samples 
were extracted. For this, 0.2 g of fresh matter was weighed, 
placed in tubes and mixed with 1 mL of alcohol for analysis. 
Then, the material was ground in automatic grinding 
machine for two minutes and then placed in a water 
bath at 60 °C for 20 minutes. Subsequently, the material 
was centrifuged for eight minutes. The supernatant was 
collected and this extraction process was repeated twice. 
In the end, the resulting supernatant was collected for the 
quantification of the contents of total soluble sugars, total 
free amino acids and proline.

The content of total soluble sugars was determined by 
the measurement of absorbance at 620 nm through the 
anthrone method (Yemm and Willis, 1954), using glucose 
as a standard substance. The results were expressed in 
μmol GLU.g-1 of fresh mass (FM).

The content total free amino acids was determined by 
the measurement of absorbance at 570 nm, applying the 
acid ninhydrin method (Yemm et al., 1955), with glycine 
as standard substance, and the results were expressed in 
μmol GLY.g-1 FM.

The methodology described by Bates et al. (1973) was 
used for proline determination, and proline concentrations 

were determined based on a standard curve obtained 
from L-Proline by measuring the absorbance at 520 nm. 
The results were expressed in μmol PRO.g-1 FM.

2.6. Statistical analysis

The results were subjected to analysis of variance 
(p<0.05) and, in case of significance, Tukey test (p<0.05) 
was applied for the attenuators and polynomial regression 
(p<0.05) was applied for the osmotic potential levels and 
for the interaction with the statistical program SISVAR® 
(Ferreira, 2011).

3. Results

3.1. Germination

For germination, quadratic behavior was observed for 
all treatments (see Figure 1A). In the control treatment, 
the highest germination percentage was obtained at the 
potential of -0.068 MPa, with 100% germination. The decrease 
in water potential to -0.4 MPa reduced germination to 12%. 
The treatment of seeds with gibberellic acid, salicylic acid and 
hydropriming had a noticeable water stress-mitigating action 
in the germination percentage from the level of -0.2 MPa. 
By comparing the results of the control treatment at the 
water potential of -0.4 MPa with those of the treatment 
with gibberellic acid, salicylic acid and hydropriming at 
the same potential, it was possible to observe increments 
of 333%, 86% and 80% in S. hispanica germination.

The germination speed index (GSI) (see Figure 1B) 
showed a decreasing linear behavior as a function of the 
reduction of water potential in all treatments studied. 
For each reduction of -0.1 MPa in the water potential of the 
substrate, there were unit reductions of 5.19, 4.26, 4.53 and 

Figure 1. Germination (A) and germination speed index- GSI (B) of Salvia hispanica L. seeds subjected to different attenuators and 
water potentials.
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4.79 in the GSI of the seeds of the control, gibberellic acid, 
salicylic acid and hydropriming treatments, respectively. 
In all treatments with stress attenuators, the germination 
speed index was higher than that of the control treatment, 
including at the lowest water potential. However, the 
gibberellic acid stood out for promoting germination speed 
index 11 times higher than that of the control treatment 
at the water potential of -0.4 MPa (see Figure 1B).

3.2. Biometric parameters

As observed for germination, the reduction in the water 
potential decreased the lengths of shoots and primary root 

of S. hispanica seedlings (see Figure 2A, B). In the control, the 
decrease in water potential promoted unit reductions of 0.44 cm 
for shoot length and 0.63 cm for root length. Salicylic acid 
promoted higher shoot length compared to the control at all 
water potentials. Gibberellic acid led to the lowest reductions 
in seedling length as the water potential decreased; for each 
reduction of -0.1 MPa, there was a decrease of only 0.12 cm.

For the primary root length, there was no statistical 
difference between the control and the hydropriming 
treatments. For this variable, the longest length (4.51 cm) 
was recorded in treatments at 0.0 MPa. However, they 
showed the largest reduction, around 0.64 cm, per unit 
decrease in water potential. Seeds treated with salicylic 

Figure 2. Shoot length- SL (A), root length- RL (B) and total dry mass (C) of Salvia hispanica L. seedlings subjected to different attenuators 
and water potentials.
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acid obtained 34% lower unit reductions in radicle length 
compared to the control treatment.

The treatments with gibberellic acid, hydropriming and 
salicylic acid increased the total dry mass of the seedlings 
as the water potential increased in the substrate, compared 
to the control (see Figure 2C). The increments in total dry 
mass between the potentials of 0.0 and -0.4 MPa were 
60.0, 57.6 and 62.3% for gibberellic acid, hydropriming 
and salicylic acid, respectively. In the control treatment 
there was a reduction of 62.25% in dry mass accumulation.

3.3. Organic solutes

The concentration of amino acids increased in all 
treatments with attenuators as a function of the reduction 

in water potential compared to the control (see Figure 3A). 
For the attenuators studied, the increase in amino 
acid synthesis was 71.64% for salicylic acid, 65.73% for 
hydropriming and 57.61% for gibberellic acid, between 
the potentials of 0.0 and -0.4 MPa.

The treatments with attenuators also promoted 
increase in proline content compared to the control, from 
the potential -0.1 MPa (see Figure 3B). For seeds treated 
with salicylic acid, there were increments of 0.63 μmol 
PRO.g-1 FM in the seedlings per unit reduction in the 
water potential, resulting in a 99.22% increase in proline 
synthesis between the potentials of 0.0 and -0.4 MPa. 
Hydropriming and gibberellic acid also contributed, in 
this order, to a greater synthesis of proline, promoting 
increments of 97.12% and 76.73%, respectively.

Figure 3. Contents of amino acids (A), proline (B) and total soluble sugars (C) in Salvia hispanica L. seedlings subjected to different 
attenuators and water potentials.
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Salicylic acid also stood out from the other attenuators 
for stimulating the synthesis of sugars in S. hispanica 
seedlings, causing an 83.73% increase between the 
potentials of 0.0 and -0.4 MPa. With salicylic acid the sugar 
content recorded at the water potential of 0.0 MPa was 
5.12 μmol of GLU.g-1 FM, reaching 31.48 μmol of GLU.g-1 FM 
at -0.4 MPa (see Figure 3C). Hydroconditioning increased 
sugar synthesis by 83.06% between water potentials of 
0.0 and -0.4 MP. In S. hispanica seedlings, gibberellic acid 
increased the sugar content up to 30.23 μmol of GLU.g-1 FM 
in the osmotic potential of -0.24 MPa.

4. Discussion

4.1. Gibberellic acid, salicylic acid and hydropriming 
enhance S. hispanica germination indicating attenuation 
of water stress effects on this species

Water availability is one of the essential factors to trigger 
germination, since it is directly and indirectly involved 
in all stages of the germination metabolism, acting as a 
stimulating and controlling agent of this process (Carvalho 
and Nakagawa, 2012; Marcos Filho, 2015).

The reduction in germination percentage as the water 
potentials become more negative can be explained by the 
sensitivity of S. hispanica to water deficit, since water stress 
delays germination, hence reducing germination speed and 
the percentage of germinated seeds (Yadav et al., 2011). 
In addition, the best results for germination percentage 
and speed in seeds pre-soaked in gibberellic acid are due 
to the increase in the synthesis of hydrolytic enzymes in 
the reserve tissue, in the presence of this phytohormone 
(see Figure 2A, B). Through the activity of these enzymes, 
the reserve substances are converted and transferred to 
the embryo, thus promoting a more vigorous germination 
(Taiz et al., 2017).

With rye seeds (Secale montanum) pretreated with 
gibberellic acid and salicylic acid, Ansari et al. (2013) 
obtained results similar to those found in the present study. 
These authors found that the germination percentage and 
germination speed index were significantly higher than 
those observed in the control treatment for the pretreated 
seeds of this species. In addition, they found that the 
concentrations of 25 and 50 ppm of gibberellic acid and 
25 ppm of salicylic acid were satisfactory for overcoming 
water stress effects on S. montanum seeds.

Salicylic acid plays a key role in the tolerance to water 
stress due to its ability to induce protective effects in 
plants subjected to stress by water scarcity (Azooz and 
Youssef, 2010). In the context of cellular protection under 
dehydration, salicylic acid stands out for favoring the 
protection of DNA and RNA membrane integrity, besides 
being involved in the regulation and signaling of plants 
against other abiotic stresses (Mardani et al., 2012). Positive 
results of salicylic acid, as observed in this study, were 
also verified by Carvalho et al. (2007) in the germination 
of medicinal plants under water and thermal stress.

Under stress conditions, hydroprimed seeds can have 
their performance favored because they require less 
water to complete germination when imbibition begins 

at lower water potential (Carvalho and Nakagawa, 2012). 
Saglam et al. (2010) found that hydroprimed lentil seeds 
germinated and grew more rapidly at negative water 
potentials, which corroborated the results observed in 
the present study, in which hydropriming was efficient at 
enhancing the germination of S. hispanica seeds.

4.2. Gibberellic and salicylic acids stimulate the growth of 
shoots, roots and dry mass accumulation in S. hispanica 
seedlings subjected to water stress

The longer shoot length of S. hispanica seedlings (see 
Figure 2A), whose seeds had been treated with gibberellic 
acid, is related to the ability of gibberellins to promote 
cell elongation and division, which is evidenced by the 
increase in the number of cells with consequent increase 
in seedling length in response to the application of this 
plant regulator (Taiz et al., 2017). In turn, the increase in 
the length of S. hispanica seedlings, promoted by gibberellic 
acid, and associated with the lower volume of water in 
the tissues due to water restriction, resulted in larger and 
denser seedlings, favoring the accumulation of dry mass 
(see Figure 2C).

In this study, it was found that the primary root length 
was more influenced by water stress than shoot length in 
S. hispanica seedlings and that gibberellic acid was less 
efficient in attenuating the effect of water stress on root 
growth than salicylic acid (see Figure 2B). According to 
Taiz et al. (2017), although stem growth can be significantly 
increased by gibberellins, these have little effect on root 
growth. Indoleacetic acid is the plant hormone that exerts 
greatest influence on root growth. Its balance is altered by 
salicylic acid, which under stress conditions promotes the 
increase of this phytohormone, resulting in greater growth 
of the root system and promoting a more consistent effect 
for this parameter (Shakirova et al., 2003).

Bean seeds soaked in salicylic acid also resulted in 
positive effects on root growth in seedlings subjected to 
water restriction (Agostini et al., 2013). For this species, 
the longest root length was observed at the potential of 
-0.35 MPa. Nevertheless, root growth under the treatment 
with salicylic acid remained high up to the lowest water 
potential evaluated (-1.2 MPa).

The reduction of seedling length and total dry mass is 
one of the most observed effects in seedlings subjected 
to water restriction. In S. hispanica and canola seeds, for 
example, Santos et al. (2012) and Simon et al. (2017) found 
gradual reduction in shoot and primary root lengths and 
dry seedling mass, as the water potential decreased.

However, the use of plant hormones in seed treatment 
has favored the vigor and phytomass accumulation. In a 
study carried out by Georgin et al. (2014) evaluating the 
use of phytohormones, including gibberellic acid, alone 
or in association, in the treatment of wheat seeds, these 
authors concluded that this substance stood out for 
promoting greater initial development and stimulating 
the total dry mass of seedlings. A similar result was 
observed by Alleoni et al. (2000), who found that the 
application of phytohormones via seeds in the bean crop 
also favored the final seedling population and dry mass 
accumulation at the end of the cycle. Under water stress 
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in either vacuoles or cytosol, of compatible solutes that 
contribute to the maintenance of water balance and the 
preservation of the integrity of proteins, enzymes and 
cell membranes (Ashraf et al., 2011; Pintó-Marijuan 
and Munné-Bosch, 2013).

The sugars found in the leaves are altered in quantity 
and quality during water stress and can act as a signal 
in response to stress (Chaves and Oliveira, 2004). 
The function of sugar signals can be adaptive and is related 
to osmoregulation (Singh and Gautam, 2013). It is believed 
that such increase of sugars in S. hispanica seedlings 
subjected to water stress in the presence of salicylic acid 
(see Figure 3C) is related to the purpose of maintaining 
leaf water content and inducing an osmotic adjustment 
in the seedling, aiming at the osmotic balance of the cell 
(Kerbauy, 2004; Singh and Gautam, 2013).

Priming of S. hispanica seeds with different attenuating 
substances positively influences germination and alters 
the biochemical composition of several organic solutes 
involved in the osmotic adjustment process, which makes 
the germination process and the initial growth stage of 
seedlings less sensitive to water stress effects. In this 
study, this fact was observed mainly when the seeds were 
pre-soaked in gibberellic and salicylic acids.

It is noted that seeds pretreated with organic acids 
are more vigorous and, consequently, the seedlings have 
greater morphological and physiological capacity to 
tolerate water deficit.

Water stress reduced germination and vigor in 
S. hispanica seeds, but salicylic and gibberellic acids and 
hydropriming in this order attenuated the effects of water 
stress on this species up to the water potential of -0.4 MPa. 
Treatment with gibberellic acid promoted the greatest 
increments in the germination and vigor of S. hispanica 
seedlings. Salicylic acid increased germination, vigor and 
favored the accumulation of organic solutes in S. hispanica 
seeds for the water potential of -0.4 MPa. Hydropriming 
had low attenuating potential in S. hispanica seeds under 
water stress when compared to organic acids.
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and osmotic stress, plant synthesize and accumulate 
metabolites (osmoprotectants) that help withstand 
osmotic pressure and maintain turgor and conduction 
gradient for water absorption. Osmoprotectants include 
low-molecular-weight compounds such as amino acids 
and sugars. These compatible metabolites stabilize 
the structure of enzymes, cell membranes and other 
cellular components during the exposure to stress 
(Daszkowska-Golec, 2011).

As highlighted by McCue et al. (2000), under stress 
conditions the synthesis of proline can be mediated by 
an alternative pathway, the pentose phosphate pathway. 
This pathway may be linked to the stimulation of proline 
metabolism in response to the application of salicylic 
acid, based on the stimulation of glucose-6-phosphate-
dehydrogenase and the concomitant increase in the content 
of this amino acid (see Figure 3B). Proline is one of the 
main osmolytes involved in osmotic adjustment, and this 
is one of the most effective mechanisms for maintaining 
cell turgor under conditions of low water potential. 
This mechanism is established through the accumulation, 
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