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ABSTRACT. Water and salt stress conditions affect germination and seedling emergence. It is known that
physiological priming can not only trigger different mechanisms to increase the speed and uniformity of
germination, but also influence the antioxidant defence system of the seeds, especially in adverse
conditions. In this context, the objective of this work was to evaluate the physiological seed quality and
the activity of antioxidant enzymes in seeds of Petroselinum crispum induced to tolerate saline stress
through osmo-priming. Seeds were placed in polyethylene glycol solutions with three osmotic potentials
(-0.5, -1.0 or -1.5 MPa) for 2, 4 or 6 days. Subsequently, they were placed on substrates moistened with
sodium chloride solution (NaCl), in concentrations that generated osmotic potentials of -0.2, -0.4, -0.6, -
0.8 or -1.0 MPa, to germinate. The germination percentage, germination speed index, seedling length,
fresh weight, dry weight and activity of the antioxidant enzymes superoxide dismutase (SOD), peroxidase
(POD), and catalase (CAT) were evaluated. Germination and germination speed index decreased linearly
with the increase in NaCl concentrations, indicating the species sensitivity. As for length, fresh weight
and dry weight of seedlings, this effect was more expressive from the potential of -0.4 MPa. The vigour
and activity of SOD, POD, and CAT enzymes were reduced in unprimed seeds, emphasising the
effectiveness of the technique. The induction of tolerance to saline stress can be related to the activity of
the antioxidant system observed in seeds.
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Introduction

Parsley (Petroselinum crispum Mill.) is a seasoning vegetable belonging to the Apiaceae family and is
propagated by planting seeds. It is consumed as a condiment in Brazil, and across the rest of the world.

Abiotic components of a farming environment, such as moisture, acidity and salinity, can reduce
agricultural productivity (Ashraf & Harris, 2004). The high content of salts in substrates where plants grow
leads to changes in the capacity for absorption, transport and use of the ions necessary for plant
development. High salt content also reduces the activity of enzymes responsible for respiration and
photosynthesis, therefore, restricting the ability to produce energy for the growth and differentiation of
cells in tissues (Kozlowski & Pallardy, 2002; Taiz & Zeiger, 2013). In addition, it induces toxicity (Khajeh-
Hosseini, Powell, & Bingham, 2003) and causes oxidative stress (Bailly, 2004). Oxidative stress occurs when
reactive oxygen species (ROS) are produced in excess and cause damage through lipid peroxidation,
membrane degradation and cell death (Bailly, 2004; Jaleel et al., 2009).

Methods such as seed priming result in faster and more uniform germination in different cultures, as
observed by Dantas, Queiroga, Silva, Assis, and Sousa (2018) in melon, Farooq et al. (2017) in chili, Zheng et
al. (2016) in rice, Souza et al. (2016) in physalis, Shaheen, Igbal, Azeem, Shahbaz, and Shehzadi (2016) in
cotton, Sharma, Rathore, Srinivasan, and Tyagi (2014) in okra, Amooaghaie and Nikzad (2013) in alfalfa,
Rabbani, Nunes, Carvalho, Ferreira, and Mann (2013) in sunflower and Oliveira and Gomes-Filho (2010) in
sorghum. These results have been associated with repair of the membrane system, protein synthesis, gene
expression and an increase in the activity of the antioxidant system (Soeda et al., 2005; Patade, Bhargava, &
Suprasanna, 2009; Bewley, Bradford, Hilhorst, & Nonogaki, 2013; Souza et al., 2016). In relation to the
antioxidant enzyme system, the balance between the overproduction of ROS, and the ability to activate the
antioxidant defence system, determines the ability of a seed to overcome damage caused by saline stresses
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(Gill & Tuteja, 2010). Several authors report significant effects on the activity of superoxide dismutase
(SOD), catalase (CAT) and ascorbate peroxidase (APX) as a result of osmoconditioning (Chen & Arora, 2011;
Kibinza et al., 2011; Ansari & Sharif-Zadeh, 2012; Madany & Khalil, 2017).

In this context, the objective of this work was to evaluate the physiological seed quality and the activity
of antioxidant enzymes in seeds of Petroselinum crispum induced to tolerate saline stress through osmo-
priming.

Material and methods

All experiments were carried out at Faculdade de Ciéncias Agrondmicas, Universidade Estadual Paulista
(Unesp), Botucatu, state of Sao Paulo, Brazil.

Two studies were conducted separately: firstly, the optimal priming method for parsley seeds was
determined; and secondly, the effect of seed priming on the response to saline stress during germination
was evaluated.

Determining the effects of osmo-priming in parsley seeds

Parsley seeds of the variety Lisa Preferida were primed in tubes containing 15 mL of polyethylene glycol
solution (PEG 6000) with osmotic potentials of either -0.5, -1.0 or -1.5 MPa. Seeds were left in solution for
either 2, 4 or 6 days, at 20°C. The tubes were placed on a multifunctional mixer (MR-II, Biomixer) to shake
the solution. The cap of each tube was perforated to allow aeration. The PEG solutions were changed daily
until the end of the conditioning period. At the end of the experiment, the seeds were allowed to dry for 24
hours in ambient laboratory conditions.

After the priming treatment, 4 replicates of 50 seeds from each treatment were placed in petri dishes
with a paper substrate (‘blotting paper’ moistened with 8 mL of distilled water) and kept at 20°C in the dark,
for 28 days to germinate. The priming effects were determined by the following parameters: percentage
germination, where a seed with a primary root > 2 cm in length was considered to have germinated;
germination speed index (IVG), determined using the method of Maguire (1962); time for 50% of the seeds
to show radicle protrusion (T50); and first germination count.

Determining the effects of saline stress on primed parsley seeds

To determine the effect of priming on seed responses to saline stress, the optimal priming treatment
(determined via the parameters discussed above) was used. Four replicates of 50 seeds from the optimal
priming treatment were germinated in petri dishes with a ‘blotting paper’ substrate at 20°C for 28 days.
Here, the substrate was moistened with 8 mL of saline solution, distilled water and NaCl to generate the
osmotic potentials of -0.2, -0.4, -0.6, -0.8, and -1.0 MPa. The NaCl concentration was calculated according
to the calibration curve established by Braccini, Ruiz, Braccini, and Reis (1996), and the germination and
IVG parameters were evaluated following the same methodology as previously described.

At the end of the 28" day study period, measurements were made of the length, fresh weight and dry
weight of the aerial part (hypocotyl and epitcotyl), and main root of the seedlings. The length was measured
with a graded ruler and the results were expressed in cm. Weighing was carried out on an analytical scale
with an accuracy of 0.001 g, with fresh weight being measured immediately after determining lengths, and
dry weight measured after drying the seedlings for 7 days in an oven at 70°C.

Biochemical assays

The activity of the peroxidase (POD), catalase (CAT) and superoxide dismutase (SOD) enzymes was
measured to evaluate the responses of primed and unprimed seeds to saline stress. For this, 100 mg of
parsley seeds were subjected to a -0.2 MPa saline substrate. Two 10 mg samples were taken after 12, 24, 72,
120 and 168 hours of imbibition. Each sample was then prepared with 2 mL of potassium phosphate (pH 6.7)
and 30 mg of polyvinylpyrrolidone (PVPP), then centrifuged for 10 min. at -5°C and 15,000 rpm. The
supernatant was then separated from the precipitate by pipetting and analysed on a spectrophotometer
(model T92 +). The software used to carry out the data analysis was the UV Probe. The methods used to
determine POD, CAT and SOD activity were those described by Teisseire and Guy (2000), Peixoto, Cambraia,
Sant'anna, Mosquim, and Moreira (1999) and Beauchamp and Fridovich (1971), respectively.
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Statistical analysis

The experimental design was completely randomised, in a 3 x 3 factorial scheme for the first study
and 2 x 6 for the second, and the osmotic potentials induced by saline stress, with 4 repetitions each.
Normality of the data was determined by a normality test (Shapiro-Wilk). Analysis of variance (ANOVA)
was performed and when significant differences were seen, the means was compared by the Tukey’s test
(a = 0.05). The data, depending on the osmotic potentials, were subjected to linear regression analysis
(p < 0.05). The biochemical data were evaluated following a descriptive method.

Results and discussion

The primed parsley seeds showed a significant improvement in all physiological parameters
evaluated, when compared to non-primed seeds (Figure 1). The results of the different times and
osmotic potentials tested did not differ significantly from each other for the germination test, however,
they did differ when compared to the control (Figure 1A). Although the germination percentage of the
species evaluated is high (80%), the priming treatment increased this value even more, to 94.8% with 6
days of priming at -0.5 MPa. Over time, the absolute number of germinated seeds increases in all
treatment groups, as germination can be slow to occur. However, the highest number of germinated
seeds was seen in the conditioned seeds, where the treatment resulted in the highest IVG. The initial
values of the IVG (3.13) increased concomitantly with the conditioning time, reaching the maximum
values of 6.71 (Figure 2B).
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Figure 1. Germination percentage (A), germination speed index (B) and the time taken for 50% of the seeds to show radicle protrusion
(C) for Petroselinum crispum seeds subjected to osmotic conditioning. Dark bar: - 0.5 MPa; light grey bar: - 1.0 MPa; dark grey bar: -1.5
MPa. Means followed by the same letter do not differ by the Tukey test, at 5% probability.
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Figure 2. Germination percentage (A) and germination speed index (B) of Petroselinum crispum seeds subjected to different levels of
saline stress. Lines followed by the same capital letters (for the levels of saline stress) and lines followed by the same lower-case letters
(for conditioned and unconditioned seeds), do not differ by Tukey's test, at 5% probability.

Parsley seeds have slow and uneven germination (Silva, Baldini, Ferreira, Nakagawa, & Silva, 2017). A
faster and more uniform germination process is important to reduce the exposure of seeds and seedlings to
bad weather in fields. In cultures of relatively short cycles, such as for vegetables, the period between
sowing and seedling emergence is one of the critical phases, therefore, uniformity and percentage
emergence assume great importance in determining the production and final quality of the product. It is
known that osmo-priming extends the ‘lag phase’ (phase II) of imbibition, restricting the radicle protrusion.
It is in this phase that the greatest metabolic events occur, to prepare the seeds for the radicle protrusion phase
(Bewley et al., 2013). Thus, a prolonged period in phase II promotes specific mechanisms necessary for
germination (Nascimento, 2003; Matthews & Khajeh-Hosseini, 2007), in addition to facilitating water uptake.

The increase in germination and IVG seen in Figure 1 was also observed in primed seeds of other species,
including Nicotiana tabacum (Caldeira, Carvalho, Guimaraes, & Coelho, 2014), Allium cepa (Caseiro,
Bennett, & Marcos-Filho, 2004) and in a several vegetables (Nascimento, 2005), showing the effectiveness
of the technique.

In order to evaluate the effects of priming on seeds subsequently subjected to salt stress, based on the
results presented in Figure 1, the priming treatment chosen was -0.5 MPa, for 6 days. Increasing saline
concentrations had a negative effect on the germination of Petroselinum crispum when compared to the
control seeds (Figure 2A), making it clear that with the increase in salinity (and consequent reduction in
osmotic potential) there was a significant and gradual decrease in the germination percentage. With
osmotic potentials of -0.2 and -0.4 MPa, in unprimed seeds, the germination percentage dropped from 80 to
53% and 8%, respectively, indicating the species sensitivity (Figure 2A). For -0.6, -0.8, and -1.0 MPa, there
was no survival of unprimed seeds. A similar trend was seen for germination speed (Figure 2B), which was
drastically reduced in higher osmotic potentials.

During seed germination, water is a determining factor, resulting in rehydration of tissues, and
intensification of the respiratory process and other metabolic pathways that lead to the development of the
embryonic axis (Carvalho & Nakagawa, 2012). The negative effect of saline stress on germination is due to
the fact that salt decreases the osmotic potential of the substrate, consequently hindering the imbibition
mechanism (Bewley & Black, 1994; Foti, Khah, & Pavli, 2018), and inducing toxicity (Khajeh-Hosseini et al.,
2003). The accumulation of NaCl causes rupture of the integumentary layers, damage to the embryo (Maher,
Fraj, & Cherif, 2013; Acosta-Motos et al., 2017) and reduction of the conversion of stored reserves,
necessary for the initial stages of germination (Khajeh-Hosseini et al., 2003). In seeds, reduction in vigour is
one of the first indicators of sensitivity to salinity (Khan & Gulzar, 2003). The decrease in the percentage of
germination and IVG observed in the present study provides evidence of these effects. The lowest results
were observed for both variables at -1.0 MPa potential (Figure 2A and B).
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However, the negative effect of salinity can be reversed with seed priming, under mild salt stress (Figure
2). As shown in Figure 2A, when seeds were subjected to salt stress of -0.2 and -0.4 MPa the germination
rate was significantly greater in primed seeds (80 and 64%, respectively), compared to unprimed seeds (57
and 8%, respectively). The same trend was observed for the speed of germination, showing the benefit
provided by priming, of accelerating the germination process (Figure 2B). This acceleration resulting from
the priming process may be due to the fact that primed seeds had been in contact with water through the
treatment process and, therefore, were more hydrated compared to the unprimed seeds, when placed on
substrates to germinate. This may allow the primed seeds to begin the processes of reorganisation and
cellular activation more quickly, as they do not need to rehydrate first (Bewley et al., 2013). Thus, primed
seeds were physiologically closer to the beginning of the soaking phase III and, consequently, to radicle
protrusion, which leads to higher values of germination speed.

Among the strategies used to mitigate salinity-induced adverse effects, priming of seeds within organic
salt solutions (osmo-priming) or water (hydropriming) are cited as the most appropriate, efficient and
economically favourable techniques to enhance the rate and uniformity of germination (Singh, Sengar,
Kulshreshtha, & Datta, 2018; Matias, Torres, Leal, Leite, & Carvalho, 2018). An improvement in the
germination process with seed pre-priming has been commonly reported in several crops. Priming with
potassium nitrate (KNOs) solution has been shown to have beneficial effects on germination and growth
rate of a wide range of vegetable crops in stressful environments. Such crops include eggplant (Nascimento
& Lima, 2008) and pepper (Batista et al., 2015). Matias et al. (2018) recommended the soaking of seeds in
water to improve the tolerance of sunflower plants to saline conditions, and Oliveira et al. (2019) concluded
that seed priming with water (hydropriming) and KNOs (osmo-priming) may be used to improve seed
germination and growth rate of melon seedlings, also under salt stress conditions.

Bewley and Black (1994) state that imbibition of water and ions, and carbohydrate metabolism, are
affected by salinity, culminating in reduced growth and accumulation of dry mass. This corroborates the
results found in this study. Parsley seedlings also proved to be sensitive to the effects of saline stress and,
for all evaluated parameters (length, fresh weight and dry weight), a significant reduction in measurements
was seen, both for shoots and roots (Table 1).

When studying the effects of increasing salinity on plant growth and development, several authors
reported a drop in germination and initial seedling growth (Askari, Kazemitabar, Zarrini, & Saberi, 2016;
Khatar, Mohammadi, & Shekari, 2017; Kandil, Shareif, & Gad, 2017; Foti et al., 2018), similar to that seen in
this work (Figure 2, Table 1). It is known that a high concentration of salts can cause plants and seeds to lose
water, and suffer from ionic toxicity as a result of the accumulation of Na+ and Cl- ions (Marschner, 1995).
According to Larcher (2000), the accumulation of these ions in the protoplasm causes a specific effect on
enzymes and membranes that interferes with plant growth and development. In addition, high salinity also
results in oxidative stress, resulting from an overproduction of reactive oxygen species (ROS), and acute K+
deficiency as a result of its leakage from depolarised cells (Shabala, 2013). In lentil (Lens culinaris Medik.),
there was also a reduction in seedling growth with an increase in saline stress (Foti et al., 2018).

For specific stress conditions, this study shows that osmo-priming is efficient in reversing the damage
that occurs throughout the germination process in seeds subjected to different salt concentrations
(Figure 2). As shown in Table 1, the measurements of the control seedlings were as follows: 7.1 and 2.8 cm
shoot and root length, respectively; fresh weight of 1.3 g for shoots, and 1.2 g for roots; and dry weight of
0.023 g for the aerial part of the shoot, and 0.015 g for the root. These values did not show a statistically
significant difference from those obtained from primed seeds that were later exposed to NaCl solution with
an osmotic potential of -0.2 MPa. This result was not observed for unprimed seeds, which showed a
reduction in length, fresh weight and dry weight measurements (5.1 cm; 1.1 g; 0.011 g for shoots and 2.2
cm; 0.96 g; 0.009 g for roots) compared to controls. With the reduction of the osmotic potential, generated
by the addition of NaCl, these values decreased concomitantly, both for primed and unprimed seeds. The
greatest benefit from the priming treatment was observed in the stress potentials -0.2 and -0.4 MPa. For all
parameters, primed seeds showed statistically significantly increased values compared to unprimed seeds. This
confirms that osmo-priming in parsley can be highly beneficial in certain adverse germination conditions.

Another considerable effect of high salt concentration, and consequent alteration in cellular
homeostasis, is the production of reactive oxygen species (ROS) at toxic levels. It is important to note
that ROS are common by-products of metabolism (Mittler, 2002). However, under conditions of saline
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stress, photorespiration is favoured and the electron transport chain is reduced, significantly increasing
the production of ROS (Apel & Hirt, 2004; Noctor, Mhamdi, & Foyer, 2014). Excessive concentrations of
ROS causes oxidation of membrane lipids, proteins and nucleic acids, which can result in cell death
(Yao et al., 2012). To avoid the more harmful effects to biomolecules, plants have developed an
elaborate and efficient network of ROS elimination mechanisms to overcome toxicity (Foyer & Noctor,
2005; Bailey-Serres & Mittler, 2006; Pang & Wang, 2008). Detoxification involves the control and
removal of ROS in different cellular compartments and this process is carried out by enzymatic
antioxidants, such as superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD; Seckin,
Turkan, Sekmen, & Ozfidan, 2010).

In the present study, variations in the activity of the enzymes of the antioxidative systems of primed and
unprimed seeds were observed when subjected to saline stress (Figure 3). It was seen that enzyme activity
was increased in primed seeds exposed to saline stress, compared to unprimed cells in the same conditions.
This suggests that that the priming process may increase the activity of antioxidant enzymes.

Table 1. Length (C), fresh weight (WF) and dry weight (WD) of the aerial part and the root of germinated seeds of Petroselinum crispum
subjected to different levels of saline stress.

Saline stress [osmotic potential (MPa)]

Seedling parts/ Physiological data Control Primed seeds Unprimed seeds
-0.2 -0.4 -0.6 -0.2 -0.4 -0.6

C (cm) 7.1 Aa 7.2 Aa 5.8 Ba 2.7 Ca 5.1Bb 3.8Cb 2.4 Da

Hypocotyl WEF (g) 1.3 Aba 1.3 Aa 1.2Ba 1.0Ca 1.1Ba 1.0Ba 1.0Ba
WD (g) 0.023Ba  0.028 Aa 0.027Aa 0.018Ca 0.011Bb 0.009Cb  0.007 Cb

C (cm) 2.8 Aa 2.9 Aa 2.0Ba 1.1Ca 2.2Bb 1.63 Bb 0.79 Ca

Root WF (g) 1.26 Aa 1.27 Aa 1.18 Ba 1.11 Ca 0.96 Bb 0.90 Cb 0.87 Cb
WD (g) 0.015Ba 0.018Aa 0.011Ca 0.009Ca 0.009Bb 0.006 Cb  0.003 Db

Capital letters compare values within the same treatment (primed or unprimed), with different osmotic potentials. Lower case letters compare values
referring to different treatments (primed and unprimed), with the same osmotic potential. Means followed by the same letter do not differ by Tukey's test,
at 5% probability.
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Figure 3. Activity of the enzymes peroxidase (A), superoxide dismutase (B) and catalase (C) during the germination of Petroselinum
crispum seeds with (continuous line) and without (dashed line) osmotic conditioning.
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The levels of activity of the peroxidase enzyme (Figure 3A) were similar initially in both the primed and
unprimed seed cases, although the behaviour of the curves over time differed. Primed seeds showed an
increase in enzyme activity, while the enzymes of unprimed seeds showed inconsistent variations in
activity, with reductions after 24 and 120 hours. It is known that during saline stress, there is a decrease in
CO; in relation to O; in the peroxisome. This promotes increased photorespiration and production of
glycolate in the chloroplast, which generates H,O, (Noctor, Veljovic-Jovanovic, Driscoll, Novitskaya, &
Foyer, 2002; Karpinski, Gabrys, Mateo, Karpinska, & Mullineaux, 2003). This by-product, when in excess, is
toxic and needs to be removed from the cell in subsequent reactions. Peroxidases play a critical role as hydrogen
acceptors, regulating the formation of H,O; in plants (Kim et al., 2008) and attenuating the loss of quality.

The SOD activity (Figure 3B) increased in the first 24 hours, both for primed and unprimed seeds. From this
point on, primed seeds maintained their activity, while unprimed seeds showed a decrease until the end of the
evaluation period. SOD is a metalloenzyme that catalyses the dismutation of the superoxide radical into
hydrogen peroxide, constituting the cell's first line of defense (Alscher, Erturk, & Heath, 2002). The behaviour
observed in unprimed seeds indicates that the enzyme activity decreases when the metabolism suffers damage
due to stress. This results in an inefficiency of the antioxidant system to contain the damage. The enzyme
activity curve observed in primed seeds, on the other hand, shows the effect that the priming treatment has to
stabilise of the antioxidant system, resulting in the greater tolerance to saline stress observed in the experiments.

In the first 24 hours, the activity levels of the catalase enzyme (Figure 3C) were also the same for primed
and unprimed seeds. However, after this period, there was a considerable increase in activity in primed
seeds, followed by stabilisation after 72 hours. Unprimed seeds, on the other hand, showed a gradual
decrease in enzyme activity. Like peroxidase, catalase is a major regulator of intracellular H,0; levels (Gill &
Tuteja, 2010). The increase in CAT activity in seeds under saline stress was recently reported for pumpkin
(Sevengor, Yasar, Kusvuran, & Ellialtioglu, 2011), melon (Dantas, Silva, Ribeiro, & Aragao, 2015) and
cucumber (Fan, Du, Ding, & Xu, 2013), showing the importance of this defence enzyme against oxidative
stress. Therefore, it can be suggested that the increase in CAT contributed to superior physiological
responses in parsley seeds under these conditions.

The behaviour observed in the enzyme activity curves, particularly for catalase and superoxide
dismutase, indicates that the antioxidant system, in response to saline stress, seeks to increase its activity
to counteract the effects of the compromising conditions to which the seed was subjected. In unprimed
seeds, after a while the severity of stress-induced damage was not compensated for, possibly due to cellular
degradation caused by ROS produced. This degradation may limit the synthesis of enzymes, which decreases
their activity over time. Overall, in primed seeds, an increase in the levels of the studied enzymes was noted,
corroborating with the physiological data found in this study, giving evidence that previously conditioned
seeds can be grown in areas with moderate salinity.

Conclusion

Priming at 0.5 MPa for 6 days at 20°C, increased the germination speed index in Petroselinum crispum seeds.

Through the priming at -0.5 MPa using PEG solution for 6 days at 20°C, seeds acquired greater tolerance
to the initial levels of salinity (-0.2 and -0.4 MPa) and showed superior physiological indicators when
compared to unprimed seeds.

The induction of tolerance to saline stress is related to the activity of the antioxidant system in the
seeds, since those subjected to the priming treatment showed superior activity of the peroxidase,
superoxide dismutase and catalase enzymes on exposure to saline conditions.
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