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Abstract - This research investigated the effects of priming with water for 24 hours and hormone-priming with dif-
ferent concentrations of gibberellic acid (GA,) (50, 100, 150 mg L) for 24 hours and hydro and hormone priming
techniques either alone or in combination on the germination, growth and biochemical properties of borage seed-
lings under cadmium stress conditions. The results showed that cadmium stress reduces seed germination and seed-
ling growth indices. Seed priming led to a significant increase in the germination percentage and rate, seedling dry
weight and length, seedling vigor indices, as well as the catalase and peroxidase activity of borage seedlings under
both cadmium stress and non-stress conditions. Among the priming treatments, the combination of hydro and hor-
mone priming showed the greatest effects on the improvement of germination and seedling growth under cadmium
conditions, significantly greater than those achieved with the individual uses of hydro or hormone priming. At all
levels of cadmium stress, utilization of combined hydro and hormone priming led to a 0.9 to 11.53-fold, and 0.95 to
2.63-fold increase in seedling dry weight as compared with the control treatment and individual use of hydro or hor-
mone priming, respectively. The highest activity of catalase and peroxidase enzymes in borage seedlings was ob-
tained from seeds primed with the combination of hydro priming with 150 mg L' GA,, which was significantly
higher than those of the other treatments. Generally, at all levels of cadmium stress, combined hydro and hormone
(specially 150 mg L' GA;) priming had the most positive effects on seed germination, growth and biochemical prop-

erties of borage seedlings.
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Introduction

Heavy metals are the most hazardous environmental
pollutants and their toxicity is a significant problem, for
ecological, evolutionary, nutritional and environmental rea-
sons. Today, soil and water pollution with heavy metals, and
their accumulation in agricultural products are one of the
most critical environmental issues that threaten human and
plant life due to the adverse effects on crop growth and food
safety (Hasan et al. 2009, Jaishankar et al. 2014). Cadmium
(Cd) due to its significant solubility in water and high tox-
icity is one of the most important heavy metal pollutants of
the environment and agricultural products. Cadmium gets
easily and rapidly absorbed by roots and quickly translo-
cates to the aerial parts of plants (Hasan et al. 2009). Altho-
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ugh other heavy metals are also released to the environment
from various other industrial and agricultural sources, inc-
luding sewage treatment, plating, mining and the produc-
tion of plastic as well as pest control (Jaishankar et al. 2014),
it is cadmium that has the most adverse effects on many
physiological, biochemical and metabolic processes such as
seed germination and seedling growth, photosynthesis, res-
piration, plant water relations and function of stomata in
plant cells (Hasan et al. 2009). It has been shown that cad-
mium decreases CO, fixation and consequently, photosyn-
thesis in the plants by reducing chlorophyll synthesis and
the inhibition of rubisco. In addition, cadmium stress in-
duces the production of various reactive oxygen species
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(ROS) and oxidative stress, which cause peroxidation of the
lipids, cell membrane damage and disruptions to cell
growth and function (Mittler 2002, Tiryakioglu et al. 2006).
It has been shown that in the germination and emergence
stage, the presence of cadmium reduces the percentage and
rate of germination and seedling growth (Munzuroglu and
Zengin 2006, Mahmoudi et al. 2017).

Borage (Borago officinalis L.) is one of the most impor-
tant medicinal plants, having many applications in the
pharmaceutical industries and traditional medicine. The
flowers of borages are usually prescribed as an anti-inflam-
matory, and were once widely used for the prevention of
colds, bronchitis and respiratory infections as well as diges-
tive and cardiovascular disorders. Furthermore, oleic acid
and palmitic acid from borage flowers have on the effect of
lowering blood cholesterol (Gupta and Singh 2010).

Seeds of most medicinal plant species have uneven and
weak germination, which limits the cultivation and produc-
tion of these plants. Several methods and approaches have
been suggested for the improvement of seed germination and
seedling growth, as well as for decreasing the adverse effects
of environmental stresses. Seed priming is a simple, efficient,
and environmental-safe method that improves seed vigor
and germination under favorable and unfavorable condi-
tions (McDonald 2000, Ghassemi Golezani et al. 2008). In
this technique, the seeds are treated with distilled water
(hydro-priming), hormones or other chemical materials for
a specified period, so that the germination processes are
started, without the radicle emerging from the seed. Among
the priming methods, hydro-priming is a very simple and
economical as well as the most commonly used method.
Seed priming was suggested as an approach for improving
seed vigor, seed germination, seedling emergence and estab-
lishment, and resistance to environmental and biotic stress,
and consequently improving product quantity and quality
(McDonald 2000, Ghassemi Golezani et al. 2008). Also, seed
priming, by increasing the activity of antioxidant enzymes
such as catalase, peroxidase, superoxide dismutase, glutathi-
one reductase, and other enzymes, leads to the elimination
of reactive oxygen species (ROS) (Gill and Tuteja 2010). In
general, the beneficial effects of seed priming on germina-
tion and seedling establishment and growth of barley seeds
(Munzuroglu and Zengin 2006), pigeon pea (Sneideris et al.
2015) and chickpea (Ghassemi Golezani et al. 2008) subject-
ed to heavy metals stress have been reported.

Plant hormones include various groups of regulatory
and signaling molecules which are synthesized in small
quantity in different plant cells, and work in a complex sig-
naling network to regulate various aspects of plant growth,
development, fruit ripening, reproduction and response to
environmental stresses. Gibberellic acid (GA,) is one of the
growth-promoting hormones that play a crucial role in the
seed germination process through stimulating the degrada-
tion of seed storage materials into usable products for the
embryo and consequently triggering the germination pro-
cess (Kumar et al. 2014). Gibberellic acid is one of the
growth-promoting hormones that influence the seed ger-
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mination process in two ways. First, GA; increases embryo
growth through stimulating expression of the genes in-
volved in cell expansion, which causes the weakness of seed
cover. Second, endogenous increase of GA, level or exoge-
nous application of GA, stimulate the expression, activation
and secretion of hydrolytic enzymes including a-amylase
which degrade the seed food reserves (proteins, carbohy-
drates and lipids) into the soluble amino acids, sugars and
other products that are necessary for embryo growth (Gup-
ta and Chakrabarty 2013, Kumar et al. 2014).

The accumulation of toxic heavy metals in agricultural
soils can affect the production of plants, especially medici-
nal plants through the reduction of seed germination, seed-
ling growth, yield, and quality of these plants (Munzuroglu
and Zengin 2006, Mahmoudi et al. 2017). Therefore, recog-
nizing the effects of cadmium stress on germination and
growth of borage seedlings and the development of suitable
treatments to improve borage seed germination and seed-
ling growth under cadmium stress conditions is highly
valuable. Regarding the medical importance of the borage
plant and weak seed germination this plant, this study
aimed to investigate the effects of hydro and hormone prim-
ing techniques, either alone or in combination, on the ger-
mination and growth characteristics, and biochemical
properties of borage seedlings under cadmium-free and
cadmium stress conditions.

Materials and methods

Plant material and seed priming

Matured borage seeds were obtained from the Medici-
nal plants research centre of The academic center for edu-
cation, culture & research. In order to apply hydro and hor-
mone priming, first the borage seed lots were washed with
distilled water, then the seeds were soaked in distilled water
(hydro-priming) or solutions containing 50, 100 or 150 mg L™
of GA; (hormone priming) for 24 hours at 10 °C. For sequen-
tial application of hydro and hormone priming of borage
seeds, firstly, the seeds were treated for 24 hours in distilled
water at 10 °C, and then, these seeds were treated with dif-
ferent concentrations of GA, (50, 100, 150 mg L) at 10 °C
for 24 hours. The primed seed lots were rinsed with distilled
water, and then dried at room temperature (20 to 22 °C)
until they reached the initial moisture content (McDonald,
2000). Unprimed borage seed lots were used as the control.

Germination test

In order to perform the germination test, borage seeds
(primed and non-primed) were placed on filter paper (What-
man No. 1) in 10 cm diameter Petri plates. Three replicates
with 25 seeds per replicate were used for each treatment. The
filter paper was moistened with 4 mL of water solution con-
taining different concentrations of cadmium (0, 10, 50 and
100 mg L™ CdCl,); this was repeated every 2 days. The CdCl,
(0, 10, 50 and 100 mg L' CdCl,) solutions were prepared by
dissolving appropriate amounts of CdCl, in 100 mL distilled
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water. The experiment was carried out in the dark in an in-
cubator at 20 °C. The number of germinated seeds was
counted daily for 10 days, and the emergence of a 2 mm root-
let was considered as the criterion for seed germination (IS-
TA, 2017). The seed germination rate was calculated using
the following equation (Ellis and Roberts 1981).

In this formula, R is the average seed germination rate,
D the number of days from the beginning of the experi-
ment, and 7 is the number of seeds germinated during the
day (D).

Seedling dry weight and vigor index

At the end of the germination test (after 10 days), the
percentage of seed germination) was calculated, and the
length of seedlings was measured. Dry weight of seedlings
was measured after drying at 80 °C in an oven until a con-
stant weight was recorded.

Seed vigor is the sum of those seed attributes that char-
acterize the level of activity and performance of the seed lot
during germination and seedling emergence. Seed vigor is
an important quality parameter, which supplements germi-
nation and viability tests to achieve insights into the seed
lot performance in the field or in experimental condition. It
can be evaluated by various methods, such as seedling vig-
or indices. Seedling vigor index I and IT were calculated as
follows (Vashisth and Nagarajan 2010):

Seedling vigor index I = Germination (%) x
mean seedling length (cm)

Seedling vigor index II = Germination (%) x
mean seedling dry weight (mg)

Enzyme activity assay

Crude protein extract from seedlings (10 days old) was
prepared using the Chang and Koa (1988) method. Briefly,
0.8 g of seedlings were thoroughly ground into fine powder
in liquid nitrogen using a mortar and pestle and then ho-
mogenized in 6 mL of 0.2 M potassium phosphate buffer,
(pH 7.0 and containing 0.1 mM EDTA). The homogenate
was filtered and centrifuged at 15000 x g for 20 min at 4 °C,
and the supernatant fraction was used as a crude extract for
protein and antioxidant enzyme activity assays. Total pro-
tein content was estimated according to the Bradford (1976)
method using bovine serum albumin as the standard.

Catalase (EC 1.11.1.6) activity was determined based on
the consumption of H,0, and the decrease in absorbance at
240 nm for 1 min (Aebi 1984). Briefly, one mL of reaction
mixture contained 50 mM potassium phosphate bufter (pH
7.0) and 10 mM H,0, and 50 pL of enzyme extract. The ac-
tivity of catalase was calculated using the extinction coef-
ficient of H,0, (40 mM™ cm™ at 240 nm). Enzyme activity
was expressed in terms of mmol of H,0, min™ g fw.
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Peroxidase activity was determined based on the con-
version of guaiacol to tetraguaiacol in the presence of H,0O,
(Fielding and Hall 1978). Briefly, 1 mL of reaction mixture
contained 50 mM potassium phosphate bufter (pH 7.0), 7.2
mM guaiacol, 11.8 mM H,0,, and 50 pL of enzyme extract.
The reaction was initiated by adding enzyme extract, and
the increase in absorbance at 470 nm was measured for 1
min. The activity of peroxidase was calculated using the ex-
tinction coefficient of tetraguaiacol (22.6 mM™ cm™ at 470
nm) and expressed as micromole of guaiacol oxidized per
min.

The proline content of the seedlings was estimated ac-
cording to the method of Bates et al. (1973). Seedling sam-
ples (0.5 g) were ground in liquid nitrogen and extracted
with 3% sulfosalicylic acid. After centrifugation (10,000
rpm, 10 minutes), 2 mL of the supernatant was taken and 2
mL of glacial acetic acid and 2 mL of ninhydrin reagent
(2.5% of ninhydrin in glacial acetic acid and 6 M orthophos-
phoric acid mixture) was added and incubated in boiling
water for 60 min. The reaction was terminated by placing
the tubes on ice. Then, 4 mL of toluene was added to the
tubes, vigorously mixed for 20 s and incubated at room tem-
perature for 5 min. The absorbance of the upper layer was
read at 520 nm, and the proline content was determined us-
ing the L-proline standard curve and expressed as pmol g~

fresh weight.

Statistical analysis

In order to investigate the effect of hydro-priming and
hormone priming on the germination, growth and bio-
chemical activities of borage (Borago officinalis L.) seedlings
under cadmium stress, a factorial experiment based on a
completely random design (CRD) was carried out with
three independent replications and 25 seeds per replication.
The experimental factors include cadmium stress [0 (con-
trol), 10, 50 and 100 mg L™'] and different seed priming
(hydro-priming for 24 hours, priming with different con-
centration of gibberellic acid (GA,) (50, 100, 150 mg L") for
24 hours, sequential hydro-priming and hormone priming
and control seeds (non-primed).

Distribution of data sets for all traits was analyzed using
different normality tests including Kolmogorov-Smirnov,
skewness and kurtosis, and the results showed that the data
sets follow a normal distribution. All data were subjected to
ANOVA followed by Duncan’s multiple range test (parame-
tric methods) and a nonparametric Kruskal-Wallis test for
group comparison (P < 0.05). Given that the Kruskal-Wallis
test for group comparison showed a pattern of significance
similar to those of ANOVA and Duncan’s Multiple Range
test, with very little and negligible changes, here we report
the results of the parametric analysis method. Analyses we-
re performed using SPSS ver. 16 (SPSS Inc, Chicago, IL.) and
SAS Ver. 9 (SAS Institute, Cary, NC, USA) software and the
graphs were produced using Microsoft Office Excel 2010.
All values are presented as mean + SE (Standard Error) and
with significance at P < 0.05.
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Results

Seed germination

Data analysis indicated that seed germination and rate
were significantly influenced by cadmium stress and seed
priming and their interaction. Both the percentage and rate
of borage seed germination were decreased with an increase
in the intensity of cadmium stress. Therefore, the highest
and lowest seed germination percentage and rate were ob-
served under non-stress (without cadmium stress) and 100
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mg L' cadmium treatments, respectively (Fig. 1 and 2a). As
shown in Fig. 1, seed priming significantly improved the
percentage of seed germination in both non-stress and stress
conditions. Furthermore, the seed germination rate of
primed seeds was significantly higher than that of non-
primed seeds (Fig. 2b). These results indicate that the se-
quential application of hydro and hormone priming of seed
led to an increase in seed germination rate (Fig. 2b). Under
cadmium stress, the highest percentage of germination per-
centage was obtained from seeds primed with distilled water
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Fig. 1. The effects of cadmium (Cd) stress (10, 50, 100 mg L") and seed priming (non-priming, hydro-priming, hormone priming (50,
100, 150 mg L' GA,) and sequential application of hydro and hormone priming (hydro-priming + GA;) (50, 100, 150 mg L) for 24
hours) on the germination percentage of borage (Borago officinalis L.) seeds. The values present mean of data from three technical re-
plicates (n=3) and 25 seeds per replicate. The error bars show standard error (SE). Values followed by different letters are statistically

different (Duncan’s Multiple Range test, P <0.05).
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Fig. 2. The effects of cadmium stress (10, 50, 100 mg L) (a) and seed priming (Non-priming, Hydro-priming, hormone priming (50,
100, 150 mg L™ GA,) and sequential application of hydro and hormone priming (hydro-priming + GA;) (50, 100, 150 mg L™) for 24
hours) (b) on the germination rate of borage (Borago officinalis L.) seeds. The values represent mean data from three technical replica-
tes (n=3) and 25 seeds per replicate. The error bars show standard error (SE). Values followed by different letters are statistically different

(Duncan’s Multiple Range test, P <0.05).
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(hydro-priming) + 150 mg L' GA, and with distilled water
(hydro-priming) + 100 mg L' GA,, which was significantly
higher than that of the non-primed seeds and other treat-
ments. On the other hand, as shown in Fig. 1, in non-stress
conditions there were no considerable differences among the
different priming methods (hydro-priming, hormone prim-
ing and sequential hydro and hormone priming), but at the
10 mg L' cadmium stress condition, the percentage of seed
germination observed for the seeds primed with the combi-
nation of hydro-priming with 100 or 150 mg L™ GA; (dis-
tilled water + 100 or 150 mg L™ Gibberellic acid) was signif-
icantly higher than that of either hydro or hormone-priming
treatments, as well as that of non-primed seeds.

Seedling growth characteristics

Seedling growth characteristics, including seedling dry
weight and length, and seedling vigor indices (vigor index
I and II), were significantly influenced by cadmium stress,
seed priming, and their interaction. As shown in Figs. 3, 4
and 5a,b, with increasing cadmium concentration, seedling
growth characteristics were significantly decreased, so that
the lowest and the highest growth of borage seedlings were
related to the treatment with 100 mg L' cadmium and the
control (cadmium-free), respectively (Figs. 3, 4, 5a,b). At
non-stress and lower (10 mg L™') cadmium stress conditions,
the highest seedling dry weight and vigor index IT were ob-
tained from hydro-priming and its combination with 50,
100 or 150 mg L™ gibberellin (distilled water + (50, 100 or
150 mg L' GA,)), which were significantly higher than
those of the other treatments (Figs. 3 and 5b). However, at
higher concentrations of cadmium (50 and 100 mg L),

ab

w
(8]
T

w
[=]
T

ef

N
[&)]
T

9]

—_
[&]
T

-
o
T

Seedling dry weight (mg)
[
(=)

0

Non- priming Hydro 50 100

GA, (mg L™

seedling dry weight and vigor index II obtained from se-
quential hydro and hormone priming treatments were high-
er than those of either hydro or hormone priming and as
well as non-primed seeds (Figs. 3 and 5b).

In non-stress conditions, the longest seedlings and high-
est vigor index I were obtained from seeds primed with dis-
tilled water + 100 or 150 mg L™' GA,, which were signifi-
cantly higher than those from other priming treatments and
non-primed seeds. At lower level (10 mg L) of cadmium
stress, seedling length and vigor index I of seedlings ob-
tained from hormone priming and its combination with
hydro-priming were significantly higher than those of
hydro-primed and non-primed seeds, but there were no sig-
nificant differences between GA, alone and GA, in combi-
nation with hydro-priming treatments (Figs. 4, 5a). How-
ever, at higher concentrations (50 and 100 mg L) of
cadmium, sequential application of hydro and hormone
priming resulted in a statistically significant increase in
seedling length and in vigor index I as compared with only
hormone or hydro-priming treatments as well as with non-
primed seeds (Figs. 4, 5a). These results indicate the syner-
gistic effects of hormone and hydro-priming techniques on
the improvement of seedling growth and performance, es-
pecially under cadmium stress conditions.

Antioxidant enzymes activity and proline content

According to the results of variance analysis, the activ-
ity of catalase and peroxidase enzymes and proline content
in borage seedlings were significantly influenced by cadmi-
um stress, seed priming, and their interaction. Cadmium
stress caused a significant decrease in the activity of catalase
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Fig. 3. The effects of cadmium stress (10, 50, 100 mg L) and seed priming (non-priming, hydro-priming, hormone priming (50, 100,
150 mg L™ GA,) and sequential application of hydro and hormone priming (hydro-priming + GA;) (50, 100, 150 mg L) for 24 hours))
on the seedling dry weight of borage (Borago officinalis L.). The values represent mean data from three technical replicates (n=3) and
25 seeds per replicate. The error bars show standard error (SE). Values followed by different letters are statistically different (Duncan’s

Multiple Range test, P <0.05).
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Fig. 4. The effects of cadmium (Cd) stress (10, 50, 100 mg L™') and seed priming (non-priming, hydro-priming, hormone priming (50,
100, 150 mg L™ GA,) and sequential application of hydro and hormone priming (hydro-priming + GA;) (50, 100, 150 mg L) for 24
hours)) on the seedling length of borage (Borago officinalis L.). The values represent mean data from three technical replicates (n=3)
and 25 seeds per replicate. The error bars show standard error (S.E.). Values followed by different letters are statistically different (Dun-

can’s Multiple Range test, P <0.05).

and peroxidase enzymes, but seed priming treatments sig-
nificantly increased the activity of these enzymes in both
non-stress and cadmium stress environments. On the oth-
er hand, under both non-stress and cadmium stress condi-
tions, the activity of catalase and peroxidase enzymes in
seedlings obtained from primed seeds was significantly
higher than that of seedlings from non-primed seeds (Fig.
6a, b). Under both non-stress and cadmium stress condi-
tions, the highest activity of catalase was observed in the
seedlings obtained from the seeds primed with the combi-
nation of hydro and hormone, which was significantly high-
er than that of seedlings obtained from non-primed seeds
and other seed priming treatments (Fig. 6a). However, the
highest activity of peroxidase enzyme was observed in seed-
lings obtained from seeds primed only with distilled water
(hydro-priming) and 150 mg L' GA, under both non-stress
and cadmium stress conditions, which was significantly
higher than its activity in seedlings obtained from other
treatments, especially from seedlings obtained from se-
quential hydro and hormone priming treatments (Fig. 6b).

The proline content of borage seedlings significantly in-
creased after applying cadmium stress and seed priming,
and the amount of enhancement was varied depending on
seed priming treatments and cadmium stress level (Fig. 7).
As shown in Fig. 7, the proline content of seedlings signifi-
cantly increased with an increase in the severity of cadmi-
um stress, so that, at all seed priming treatments the highest
amount of proline in borage seedlings was related to the 100
mg L' cadmium stress, which was significantly higher than
the other levels of cadmium stress. The highest amount of
proline was recorded under severe cadmium (100 mg L)
stress in seedlings obtained from seeds primed with dis-
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tilled water and distilled water (hydro priming) +150 mg L
GA, treatments, which was significantly higher than that of
the other treatments.

Discussion

Seed germination

Generally, cadmium stress negatively affected the germi-
nation of borage seeds (Fig. 1). These adverse effects could
be attributed to the accumulation of cadmium in the cell and
its inhibition effects on nutrient uptake and translocation as
well as cellular metabolism and photosynthesis (Gill et al.
2013). Furthermore, it has been shown that cadmium uptake
and accumulation in the cells lead to the destruction of pro-
tein and enzyme structures or inhibit their function and ac-
tivity (Hasan et al. 2009, Hussain et al. 2016) as well as their
synthesis. These enzymes and structural proteins are need-
ed in cell growth and division, and germination processes
(Tiryakioglu et al. 2006, Dar et al. 2016). Nevertheless, seed
priming significantly reduces these adverse effects of cad-
mium; and leads to an increase in the percentage of borage
seed germination under cadmium stress conditions (Fig. 1).
The improved and accelerated germination of borage seeds
under both non-stress and cadmium stress conditions could
be attributed to the improving effects of seed priming,
especially of combined hydro and hormone priming, on
biochemical processes in the plant cell. It has been shown
that seed priming induces the cytoplasmic membrane and
DNA damage repairing systems, DNA, RNA and protein
synthesis and activity of starch-degrading enzymes such as
alpha-amylase and reduces the leakage of metabolites. These
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Fig. 5. The effects of cadmium (Cd) stress (10, 50, 100 mg L™') and seed priming (non-priming, hydro-priming, hormone priming (50,
100, 150 mg L' GA,) and sequential application of hydro and hormone priming (hydro-priming + GA;) (50, 100, 150 mg L) for 24
hours)) on the seedling vigor index I (a) and seedling vigor index II (b) of borage (Borago officinalis L.). The values represent mean data
from three technical replicates (n=3) and 25 seeds per replicate. The error bars show standard error (SE). Values followed by different
letters are statistically different (Duncan’s Multiple Range test, P <0.05).

improved cellular and molecular processes lead to an in-
crease in the cell division and embryo growth, and finally
improved seed germination and vigor (McDonald 2000,
Hussain et al. 2016). The improved percentage and rate of
seed germination through hydro or hormone priming have
also been reported in chickpea (Ghassemi Golezani et al.
2008), pigeon pea (Sneideris et al, 2015), in borage (Mahmoudi
et al. 2017), and maize (Li et al. 2017). In borage, the seed
priming increases varied from 1.1-1.2-fold under control
(without cadmium) condition and 1.03-1.3-fold under cad-
mium stress conditions, as compared with non-primed
seeds (Fig. 1).

24

Seedling growth characteristics

The superiority of primed seeds in terms of the en-
hanced borage seedling growth under non-stress and cad-
mium stress conditions can be attributed to the higher ger-
mination rate (Fig. 2b) of these seeds. Seed priming
treatments improved the seedling growth characteristics in
both non-stress and cadmium stress conditions, so at all
levels of cadmium stress, dry weight and length, and seed-
ling vigor indices of seedlings obtained from primed seeds
were significantly higher than those obtained from non-
primed seeds (Figs. 3, 4, 5a, b). The fact that primed seeds
had a higher germination rate than non-primed seeds
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Fig. 6. The effects of cadmium stress (Cd) (10, 50, 100 mg L!) and seed priming (non-priming, Hydro-priming, hormone priming (50,
100, 150 mg L™ GA,;) and sequential application of hydro and hormone priming (hydro-priming + GA;) (50, 100, 150 mg L) for 24
hours)) on the catalase (a) and peroxidase (b) enzymes activity of borage (Borago officinalis L.) seedlings. The values represent mean
data from three technical replicates (n=3) and 25 seeds per replicate. The error bars show standard error (SE). Values followed by dif-
ferent letters are statistically different (Duncan’s Multiple Range test, P <0.05).

means a quicker seed germination and the production of
higher biomass than in non-primed seeds. It has been
shown that seed priming increases the activity of a-amylase
in maize (Liet al. 2017) and rice (Hussain et al. 2016) seeds,
which could increase the germination rate and finally
growth characteristics of the seedlings. Therefore, seed
priming through the reduction of embryonic growth barri-
ers and increasing seed vigor improves seed germination
and growth of seedlings, which leads to the production of
more vigorous seedlings. However, there were significant
differences among the various seed priming treatments in
terms of the abovementioned growth characteristics. Our
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results indicated that in the non-stress condition, combined
hydro and hormone priming led to about 0.9 to 4.41-fold
increases in the borage seedling weight as compared with
seedlings obtained from the non-primed seeds. Under cad-
mium stress conditions, the combined hydro and hormone
priming caused a 5.80-11.53 and a 1.02-2.63-fold increase
in the seedling dry weight in comparison with the seedlings
obtained from non-primed seeds and seeds primed using
either hydro or hormone, respectively (Fig. 3). As shown in
Fig. 4, under severe cadmium stress (100 mg L), the combi-
nation of hydro and hormone priming increased the borage
seedling length by 3.75-4.58 and 1.5-2.03 times in compar-

25



SHEIKHZADEH P, ZARE N., MAHMOUDI F

OControl _ BCd (10mgL™") ©Cd(50mglL ") BCd(100mglL™)
25 C ab
bc
d bc cd
o ge 9 de d
f [ III 1 :II
2L hii g i . i g
g : il N LU 1 [l i
|:| 2 :I: ] |:| :|: |: |:|
= kI [l 21 %3 A i s m B Ry K
E Im " i1 m " m " m " " o
©15 - nrh N T o N i n !
o) oy Ok NE i i i h H
5 |oht BlE o i i g g §
2 1 i i i i i i i i
§ I:I :I :I: I:l :I: I:I :I :I:
a " n [ e n " n [
05 [t t ! e i i i H
! ! i n i n ! i
O 1 ok . il | i 'y 1 Ot 1.l I s Y . i o H B
Non- priming Hydro 50 100 150 50 100 150
GAs; (mgL™) Hydro-priming + GAs (mg L™")
Priming

Fig. 7. The effects of cadmium stress (Cd) (10, 50, 100 mg L™') and seed priming (Non-priming, Hydro-priming, hormone priming (50,
100, 150 mg L' GA;) and sequential application of hydro and hormone priming (hydro-priming + GA;) (50, 100, 150 mg L) for 24
hours) on proline content of borage (Borago officinalis L.) seedlings. The values represent mean data from three technical replicates
(n=3) and 25 seeds per replicate. The error bars show standard error (S.E.). Values followed by different letters are statistically different

(Duncan’s Multiple Range test, P < 0.05).

ison with that of the seedlings obtained from non-primed
seeds and either hydro or hormone primed seeds, respec-
tively. In other words, the sequential application of hydro
and hormone priming on borage seeds enhances the posi-
tive effects of each of the techniques on the seedling growth
characteristics such as seedling length (Fig. 4) and seedling
vigor index I (Fig. 5a). These results are consistent with the
findings of Tiryakioglu et al. (2006) in barley, Mahmoudi et

al. (2017) in borage.

Antioxidant enzymes activity and proline content

As shown in Fig. 6a, the activity of catalase in borage
seedlings from the seeds primed with the combination of
distilled water and GA; were significantly higher than those
of the seeds primed with alone distilled water or GA ,, as well
as non-primed seeds. These results emphasize the synergis-
tic effects of hydro and hormone priming techniques, which
lead to improvement of the biochemical and antioxidant po-
tential of borage seedlings. It has been shown that environ-
mental stresses such as cadmium stress induces the produc-
tion of ROS in plant cells, which attack biological molecules,
including proteins and enzymes at the cellular and subcel-
lular levels, and finally reduce or stop cell growth and the
proliferation process (Mittler 2002, Tiryakioglu et al. 2006).
The plant cells adapted various enzymatic and non-enzyma-
tic mechanisms that scavenge ROS molecules and protect the
biological molecules and cells from the damaging effects of
environmental stress. Catalase and peroxidase, the most im-
portant antioxidant enzymes of plant cells, play a crucial ro-
le in the ROS scavenging process. These enzymes catalyze
the conversion of H,O, (hydrogen peroxide) to H,O and O,
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in plant cells (Gill and Tuteja 2010). On the other hand, the
balance between ROS production and activity of antioxidant
systems may determine the plant’s responses to stressful
environments, such as cadmium stress, and their damaging
effects. It could be concluded that hydro and hormone
priming of borage seeds enhanced the activity of catalase
and peroxidase enzymes in the borage seedlings, which in
turn enhance the antioxidant capacity of the cells and their
ability for germination (Fig. 1) and growth (Figs. 3-5b) un-
der cadmium stress. For example, the sequential application
of hydro and hormone priming led to 2.42-2.57 and 2.93-
18.72 fold increase in the activity of catalase enzyme under
non-stress and cadmium stress conditions, respectively, as
compared with those of non-primed seeds (Fig. 6a).

The relationship between reduced damaging effects of
environmental stresses and enhanced activity of antioxidant
enzymes have been reported in several plants, including ri-
ce (Guo et al. 2006, Hussain et al. 2016) response to drought
and chilling, sugar beet (Bor et al. 2003) response to salinity,
and mung bean (Tiryakioglu et al. 2006) response to heavy
metal. On the other hand, it could be concluded that these
seed priming techniques mitigate the damaging effects of
cadmium in borage seedlings through enhancing the acti-
vity of antioxidant systems and reducing adverse effects of
cadmium-induced oxidative stress in the cells (Fig. 6a,b).

Among amino acids, proline biosynthesis and catabo-
lism in plant cells play vital roles in physiological respons-
es and plant adaptation to environmental and biotic stress-
es (Dinakar et al. 2008). It has been shown that this amino
acid acts as a free radical scavenger and chemical chaperone
that stabilizes proteins in their native conformation, cellu-



lar and subcellular membranes, especially under stressful
conditions (Hossain et al. 2014). In borage, the proline con-
tent of seedlings from primed seeds was significantly high-
er than that of seedlings obtained from non-primed seeds,
but the amount of increase in proline content varied from
a 1.06 to a 1.45-fold change depending on cadmium stress
level and seed priming treatments (Fig. 7). This elevated
level of proline improves the cellular and physiological pro-
cesses in borage seedlings and facilitates the activation of
detoxification pathways (Dar et al. 2016), cytoplasmic
osmotic adjustment and the balancing of cell redox reac-
tions (Hossain et al. 2014). On the other hand, the content
of proline in borage seedlings was increased 1.45 and 1.37
times through combined hydro and 150 mg L' GA, prim-
ing treatment under 10 mg L' and 100 mg L' cadmium
stress, respectively, as compared to the non-primed seeds
(Fig. 7). This regulation of proline concentration in the
plant cells is achieved through its biosynthesis, catabolism,
and transport between cells and subcellular organelles
(Man et al. 2011, Hossain et al. 2014), and these processes
are strongly influenced by various factors, especially plant
genotype, environmental conditions and hormone balance
in the plant cells (Dar et al. 2016). Accumulation of free
proline in plant cells and tissues in response to the heavy
metal and other abiotic and biotic stresses has been report-
ed in a wide range of plant species. For example, increased
levels of proline content was found to occur in Arachis hy-
pogaea L. seedlings (Dinakar et al., 2008) and Ocimum
basilicum L. leaves (Georgiadou et al., 2018) in response to
heavy metal stress, and in tall fescue (Man et al. 2011) in
response to drought stress.

Conclusions

There is little information in the literature concerning
the relationship between seed priming techniques and cad-
mium toxicity and tolerance in plants. In the present study,
for the first time, we demonstrated that the hydro and hor-
mone seed priming techniques effectively mitigated the
damaging effects of cadmium stress and improved seed
germination and seedling growth under both non-stress
and cadmium stress conditions. Among the seed priming
treatments, combined hydro and hormone seed priming
improved borage seed germination and seedling growth
under stressful environments. This improved germination
and seedling growth of primed borage seeds was associ-
ated with an increased activity of antioxidant enzymes (cat-
alase and peroxidase) and an elevated proline content in
borage seedlings.

References

Aebi, H., 1984: Catalase in vitro. Methods in Enzymology 105,
121-126.

Bates, L.S., Waldren, R.P., Teare, I.D., 1973: Rapid determination
of free proline for water-stress studies. Plant and Soil 39,
205-207.

ACTA BOT. CROAT. 80 (1), 2021

BORAGE SEED PRIMING ENHANCED CADMIUM TOLERANCE

Bor, M., Ozdemir, F., Turkan, I., 2003: The effect of salt stress on
lipid peroxidation and antioxidants in leaves of sugar beet
Beta vulgaris L. and wild beet Beta maritima L. Plant Science
164, 77-84.

Bradford, M.M., 1976: A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Analytical Biochemistry
72,248-254.

Chang, C.J., Koa, C.H., 1988: H,0, metabolism during senes-
cence of rice leaves: Changes in enzyme activities in light and
darkness. Plant Growth Regulation 25, 11-15.

Dar, M.I., Naikoo, M.I., Rehman, F., Naushin, F., Khan, F.A,,
2016: Proline accumulation in plants: Roles in stress toler-
ance and plant development. In: Igbal, N., Nazar, R.A., Khan,
N. (eds.), Osmolytes and plants acclimation to changing rn-
vironment: Emerging omics technologies, 155-166. Spring-
er, New Delhi.

Dinakar, N., Nagajyothi, P.C., Suresh, S., Udaykiran, Y., Damod-
haram, T., 2008: Phytotoxicity of cadmium on protein, pro-
line and antioxidant enzyme activities in growing Arachis
hypogaea L. seedlings. Journal of Environmental Sciences
20, 199-206.

Ellis, R.H., Roberts, E.H., 1981: The quantification of aging and
survival in orthodox seeds. Seed Science and Technology 9,
373-4009.

Fielding, J.L., Hall, J.L., 1978: A biochemical and cytochemical
study of peroxidise activity in roots of Pisum sativum: 1. A
comparison of dab-peroxidase and guaiacol peroxidase with
particular emphasis on the properties of cell wall activity.
Journal of Experimental Botany 29, 969-981.

Georgiadou, E.C., Kowalska, E., Patla, K., Kulbat, K., Smoliniska,
B., Leszczynska, J., Fotopoulos, V., 2018: Influence of heavy
metals (Ni, Cu, and Zn) on Nitro-Oxidative stress responses,
proteome regulation and allergen production in basil (Oci-
mum basilicum L.) plants. Frontiers in Plant Science 9, 862.

Ghassemi-Golezani, K., Sheikhzadeh Mosaddegh, P., Valizadeh,
M., 2008: Effects of hydropriming duration and limited ir-
rigation on field performance of chickpea. Research Journal
of Seed Science 1, 34-40.

Gill, S.S., Anjum, N.A,, Gill, R., Hasanuzzaman, M., Sharma, P.,
Tuteja, N., 2013: Mechanism of cadmium toxicity and toler-
ance in crop plants. In: Anjum, N.A,, Gill, S.S. (eds.), Crop
Improvement under Adverse Conditions, 361-385. Springer,
New York.

Gill, S.S., Tuteja, N., 2010: Reactive oxygen species and antioxi-
dant machinery in abiotic stress tolerance in crop plants.
Plant Physiology and Biochemistry 48, 909-930.

Guo, Z., Ou, W,, Lu, S., Zhong, Q., 2006: Differential responses
of antioxidative system to chilling and drought in four rice
cultivars differing in sensitivity. Plant Physiology and Bio-
chemistry 44, 828-836.

Gupta, M., Singh, S., 2010: Borago officinalis L. An important
medicinal plant of Mediterranean region: a review. Interna-
tional Journal of Pharmaceutical Sciences Review and Re-
search 5, 27-34.

Gupta, R., Chakrabarty, S.K., 2013: Gibberellic acid in plant: Still
a mystery unresolved. Plant Signalling and Behavior 8,
€25504. doi: 10.4161/psb.25504.

Hasan, S.A., Fariduddin, Q., Ali, B., Hayat, S., Ahmad, A., 2009:
Cadmium: toxicity and tolerance in plants. Journal of Envi-
ronmental Biology 30, 165-174.

Hossain, M.A., Hoque, M. A, Burritt, D.]., Fujita, M., 2014: Pro-
line protects plants against abiotic oxidative stress: Biochem-
ical and molecular mechanisms. In: Ahmad, P. (ed.), Oxida-
tive damage to plants, antioxidant networks and signalling,
477-522. Elsevier, San Diego.

27



SHEIKHZADEH P, ZARE N., MAHMOUDI F

Hussain, S., Khan, F.,, Hussain, H.A., Nie, L., 2016: Physiological
and biochemical mechanisms of seed priming-induced chill-
ing tolerance in rice cultivars. Frontiers in Plant Science 7,
116-124.

ISTA (International Seed Testing Association), 2017: Interna-
tional rules for seed testing. ISTA Secretariat, Bassersdorf.

Jaishankar, M., Tenten, T., Anbalagan, N., Mathew, B.B., Beer-
egowda, K.N., 2014: Toxicity, mechanism and health effects
of some heavy metals. Interdisciplinary Toxicology 7, 60—
72.

Kumar, R., Khurana, A., Sharma, A.K., 2014: Role of plant hor-
mones and their interplay in development and ripening of
fleshy fruits. Journal of Experimental Botany 65, 4561-4575.

Li, Z., Xu, ], Gao, Y., Wang, C., Guo, G., Luo, Y., Huang, Y., Hu,
W., Sheteiwy, M..S., Guan, Y., Hu, J., 2017: The synergistic
priming effect of exogenous salicylic acid and H,O, on chill-
ing tolerance enhancement during maize (Zea mays L.) seed
germination. Frontiers in Plant Science 8, 1153-1167.

Mahmoudi, E., Sheikhzadeh Mosaddegh, P., Zare, N., Esmaiel-
pour, B., 2017: The effect of hydropriming on germination,
growth and antioxidant enzymes activity of borage (Borago
officinalis L.) seedling under cadmium stress. Iranian Jour-
nal of Field Crop Science 48, 253-266 (In Persian with Eng-
lish Abstract).

28

Man, D,, Bao, Y.X., Han, L.B., Zhang, X., 2011: Drought toler-
ance associated with proline and hormone metabolism in
two tall fescue cultivars. HortScience 46, 1027-1032.

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

Mittler, R., 2002. Oxidative stress, antioxidants and stress toler-
ance. Trends in Plant Science 7, 405-410.

Munzuroglu, O., Zengin, F.X., 2006: Effect of cadmium on ger-
mination, coleoptile and root growth of barley seeds in the
presence of gibberellic acid and kinetin. Journal of Environ-
mental Biology 27, 671-677.

Sneideris, L.C., Gavassi, M.A., Campos, M.L., Damico-Damiao,
V., Carvalho, R.E,, 2015: Effects of hormone priming on seed
germination of pigeon pea under cadmium stress. Anais da
Academia Brasileira de Ciencias 87, 1847-1852.

Tiryakioglu, M., Eker, S., Ozkutlu, F., Husted, S., Cakmak, I.,
2006: Antioxidant defense system and cadmium uptake in
barley genotypes differing in cadmium tolerance. Journal of
Trace Elements in Medicine and Biology 20, 181-189.

Vashisth, A., Nagarajan, S., 2010: Effect on germination and ear-
ly growth characteristics in sunflower (Helianthus annuus)
seeds exposed to static magnetic field. Journal of Plant Phys-
iology 167, 149-156.

ACTA BOT. CROAT. 80 (1), 2021



