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alterations in rainfall patterns [2]. A large section of land 
is turning to saline soils over time, and it is projected that 
the current area experiencing salinity stress in South Asia 
will nearly triple by 2050 [2].

Although plant species differ in their mechanisms 
of salinity tolerance, salinity stress eventually reduces 
plant growth and development [3]. The production of 
many plant species declines when exposed to excessive 
salinity, which is generally linked to a drop in photosyn-
thetic capability. A decrease in chlorophyll formation 
can also cause a decrease in photosynthesis when the 
environment is salinized [4]. Salt stress causes nutrient 

Introduction
Salinity on a global scale is a major abiotic stress that 
is very challenging to the agricultural sector, causing 
huge losses in crop production [1]. Soil quality has been 
negatively affected over time through the extensive use 
of chemicals, fertilizers, and other factors related to 
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Abstract
Selenium (Se) plays a crucial role in ameliorating the negative impact of abiotic stress. The present study was 
performed to elucidate the efficacy of soil treatment of Se in reducing salt-induced stress in Carthamus tinctorius L. 
In this study, three different levels of Na2SeO4 (0, 0.01, and 0.02 g kg− 1) and four levels of NaCl (0, 0.5, 1.5, and 2.5 g 
kg− 1) were applied. The findings revealed that while NaCl decreased seed germination parameters, growth 
characteristics, K+ content, relative water content (RWC), and photosynthetic pigments, it increased Na+ content, 
soluble carbohydrates, H2O2 content, and malondialdehyde (MDA) level. The application of Se showed a positive 
effect on seed germination and growth characteristics under salinity conditions, which is linked to alterations 
in anatomical, biochemical, and physiological factors. Anatomical studies showed that treatment with Se led to 
increased stem diameter, cortical parenchyma thickness, and pith diameter under salinity stress. However, variations 
in the thickness of the xylem and phloem did not reach statistical significance. The application of Se (0.02 g kg− 1) 
raised Na+ content (7.65%), K+ content (29.24%), RWC (15%), Chl a (17%), Chl b (21.73%), Chl a + b (16.9%), Car 
(4.22%), and soluble carbohydrates (11%) in plants subjected to NaCl (2.5 g kg− 1) stress. Furthermore, it decreased 
H2O2 (25.65%) and MDA (11.9%) in the shoots. The findings of the current study advocate the application of the Se-
soil treating technique as an approach for salt stress mitigation in crops grown in saline conditions.
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ion imbalance, a decrease in stomatal conductance [5, 
6], morphological alteration, and secondary metabolites 
changes [7].

Germination plays a crucial role in the plant life cycle, 
which consequently has an impact on growth and devel-
opment as well as the outcomes of crops. Salinity causes a 
reduction in osmotic potential hence affecting cell turgor 
pressure; besides enzymes’ activity which in turn inter-
feres with metabolic processes leading to poor estab-
lishment as well as productivity rates [8]. Seedlings are 
particularly vulnerable to stress as some may die under 
saline conditions. Tonguç, et al. [9] found that salin-
ity decreases the germination of safflower cultivars. Salt 
stress reduced spikelet number, grain weight, and bio-
mass production in wheat [10]. Roots and shoots are also 
adversely impacted by salt stress [11].

Studies and various techniques have been explored 
to enhance crop tolerance to salinity. Researchers have 
observed positive results from using external phyto-
protectants to alleviate salt stress. Different substances 
have been used to counteract the harmful effects of salt 
on plants, with microelements being particularly signifi-
cant and recognized for their role in helping plants adapt 
to salt stress [12]. Selenium (Se), a crucial micronutrient, 
has an important role in promoting plant growth and 
development, even in small amounts. Moreover, it pro-
tects against various environmental stresses, such as high 
temperatures, low temperatures, and drought by func-
tioning as an antioxidant or stimulant in a concentra-
tion-dependent manner [13]. Selenium can be absorbed 
by plants because it has the same molecular structure as 
sulfur, which they take up through root plasma mem-
brane transporters. It is taken up by the roots from the 
ground solution, transformed through the sulfur metabo-
lism cycle, and released into the atmosphere. High doses 
of Se can lead to oxidative stress and disrupt protein 
structure and function, causing toxicity in plants [14]. In 
plant cells, selenium is crucial in regulating internal pro-
cesses to enable their proper growth and development. 
It stimulates the development of shoots and roots, helps 
regulate water balance in plants, facilitates the absorp-
tion of essential nutrients like nitrogen, and defends 
against pathogens and pests that cause harm to plants 
[15]. Mushtaq, et al. [16] revealed that salt stress nega-
tively impacted the physiological parameters of Panicum 
miliaceum L., while the addition of Se improved these 
parameters. The morphological and biochemical assess-
ments showed that Se mitigated the effects of NaCl in 
foxtail millet. This was achieved by improving morpho-
logical traits, increasing the expression of the APX gene, 
boosting enzyme activity, and significantly decreasing the 
levels of H2O2 [17]. Du, et al. [18] studied the impact of 
sodium selenate on rice and found that it had a beneficial 
effect on seedling growth.

In many developing countries, medicinal plants are 
a vital component of traditional healthcare systems. 
These plants not only provide important curative medi-
cines but also generate major economic benefits [19, 20]. 
With the rising demand for medicinal plants, innova-
tive approaches are emerging to cultivate these valuable 
crops in challenging environments, such as salt-affected 
soils unsuitable for most conventional crops. This strat-
egy serves as an attractive option for farmers in arid and 
semiarid regions to grow salt-tolerant medicinal plants. 
This choice could ensure high profits for them [21].

Safflower (Carthamus tinctorius L.) is an edible medici-
nal plant that belongs to the Asteraceae family. Primar-
ily cultivated in semi-arid regions, it serves as a natural 
dye source [22] and is prized for its high oil content in its 
seeds, which can reach up to 27–32% [23]. With a wide 
range of applications in pharmaceuticals, cosmetics, and 
industries, safflower is considered a domesticated crop 
of great value [24]. Since it’s commonly grown in hot and 
dry climates where soil salinity is a significant concern 
[25], our investigation focuses on exploring the effects 
of sodium selenate on the germination, and physiologi-
cal, biochemical, and anatomical responses of safflower 
under salt stress conditions. The innovation of the study 
is its integrative approach that combines soil treatment 
with selenium, detailed physiological and anatomical 
assessments, and practical applications for agricultural 
resilience against salinity.

Materials and methods
Time and location of the experiment
This study was conducted in two separate experiments to 
evaluate the effect of Se on C. tinctorius L. under Salin-
ity stress, one in the laboratory to study germination and 
the other in the research greenhouse of the Faculty of 
Biological Sciences, Kharazmi University, Tehran, Iran in 
2023–2024.

Seed germination
C. tinctorius L. seeds obtained from the Pakan Bazr 
Company. In preliminary experiments, different concen-
trations of salt and sodium selenate were used based on 
the literature. Based on these experiments, four concen-
trations of NaCl and three concentrations of Na2SeO4 
were selected. After sterilization, seeds were submerged 
into NaCl (0, 0.5, 1.5, and 2.5 g L− 1) and sodium selenate 
(Na2SeO4; 0, 0.01, and 0.02 g L− 1) treatment solutions for 
two hours. The treated seeds were then placed in ster-
ile petri dishes in the dark and monitored daily at regu-
lar intervals. Three plates were used for each treatment 
and ten seeds were placed in each plate. After 7 days, the 
length, fresh, and dry weight of the seedlings were mea-
sured to calculate the desired parameters.
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Germination Percentage (GP) = (seeds germinated ∕ 
total seeds) × 100 [26].

Germination Rate ( GR) =
∑

n∑
D.n

 [27].
D: number of days passed.
n: number of germinated seeds on the desired day.
Seedling Length Vigour (SLV) = GP × Seedling length 

[28].
Seedling Weight Vigour (SWV) = GP × Seedling dry 

weight (mg) [28].

Greenhouse study
The safflower seeds were initially planted in a culture 
tray filled with Cocopeat. After 15 days, once true leaves 
had emerged, they were transplanted into plastic pots. 
The used soil was taken from a research greenhouse of 
Kharazmi University. Soil characteristics analysis was 
done according to the procedures explained in the Meth-
ods of Soil Analysis Sect. [29] (Table  1). The dry soil 
turned artificially contaminated through the application 
of NaCl (0, 0.5, 1.5, and 2.5 g kg− 1), and Na2SeO4 (0, 0.01, 
and 0.02 g kg− 1). Then the soil was allowed to equilibrate 
for two weeks in the greenhouse condition. Experimental 
pots with a diameter of approximately 20 cm and a depth 
of 20 cm were each filled with 4 kg soil. These pots were 
then placed in a greenhouse with temperature conditions 
maintained at 28 ± 2 °C and a photoperiod of 16 h of light 
followed by 8  h of darkness. To mitigate microclimate 
effects on plant growth, the pots were repositioned and 
moved randomly daily. Sampling was conducted after 30 
days.

Growth parameters
Assessment of shoot and root length, fresh and dry 
weight of shoot and root, and leaf area was done after one 
month of treatment at the vegetative stage. The determi-
nation of plant height was done by measuring from the 
shoot tips up to the collar. Plants were cut 2 cm above the 
ground and extracted from the pots. Fresh weight was 
determined by weighing the shoot on a balance. Samples 

were then dried in an oven at 70 °C for 72 h until a con-
stant weight was achieved. Leaf area (cm2) was calcu-
lated as x/y, where x represents the graph paper weight 
covered by the leaf outline (g) and y is the weight (g) of 
the cm2 area of the graph paper. The outlined area of the 
graph paper was cut and weighed, along with one cm2 
section of millimeter graph paper for comparison [30].

Anatomical studies
Shoot samples were collected and kept in glycerin and 
ethanol (70%). Free-hand sections were made from the 
samples and stained with Methylene Blue and Carmine 
for lignin and cellulose identification, respectively [31]. 
Thin sections were subsequently examined under a light 
microscope, and cell and tissue measurements were done 
through ImageJ software. The impact of sodium selenate 
at concentrations of 0 and 0.02 g kg− 1 on the anatomical 
features of safflower was investigated under conditions of 
saline stress with levels of 0 and 2.5 g kg− 1.

Ion concentration analysis
The dried shoot was powdered, then hydrogen perox-
ide was added to it with nitric acid, and it was digested. 
Na+ and K+ concentrations of different samples were 
determined by ICP (RCOS A Spectro) [32]. The effect of 
sodium selenate at concentrations of 0 and 0.02 g kg− 1 on 
Na+ and K+ content of Safflower under salinity stress with 
levels of 0, 0.5, and 2.5 g kg− 1 was measured.

Relative water content (RWC)
The fresh weight (FW) of leaves was measured, followed 
by immersing all samples in distilled water at 4  °C for 
24 h. After this time, the turgid weight (TW) of the leaves 
was measured, and the leaves were then dried in an oven 
at 70 °C for 24 h to obtain the dry weight (DW) of each 
sample. The relative water content was calculated using 
the following equation:

RWC = (FW − DW)/(TW − DW) × 100
 [33].

Soluble carbohydrates
Carbohydrate contents were determined using the phe-
nol-sulfuric acid method. Dry leaves (0.05 g) were mixed 
with 5 mL of ethanol (70%), and after a week, 500 µL 
of the upper portion of the solution was extracted and 
diluted to 2 mL with distilled water. Subsequently, 1 mL 
of 5% phenol was added and thoroughly mixed, followed 
by the addition of 5 mL of sulfuric acid. Absorbance 
was measured using a spectrophotometer (Unico model 
2150) at a wavelength of 485  nm after the solution had 
completely cooled for approximately 30 min. A standard 
curve prepared with glucose was utilized to quantify the 
sugar content [34].

Table 1 Physical and chemical characterization of the 
experimental soil
Parameter Value
pH 7
EC (ds m− 1) 0.73
Total lime (%) 9.9
Organic carbon (%) 5.15
Total Nitrogen (%) 0.37
Soil texture loam
Cu (mg kg− 1) 2.3
P (mg kg− 1) 190
K (mg kg− 1) 2780
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Photosynthetic pigments
Acetone (80%) was used to quantify the contents of chlo-
rophyll a (Chl a), chlorophyll b (Chl b), total chloro-
phylls (T Chl), and carotenoids (Car). Leaf samples were 
collected during the vegetative stage from the fourth 
and fifth leaves at the apex. The absorption readings at 
646.8 nm, 663.2 nm, and 470 nm were recorded using a 
spectrophotometer. The photosynthetic content (mil-
ligrams per gram of fresh weight) in each sample was 
determined using the provided formulas [35].

Chl a = 12.25 A663.2 − 2.79 A646.8
Chl b = 21.51 A646.8 − 5.1 A663.2
Total Chl = Chl a + Chl b
Car = (1000 A470 − 1.8 Chl a − 85.02 Chl b) / 198

H2O2 and MDA content
To evaluate lipid peroxidation in plants, the measure-
ment of hydrogen peroxide (H₂O₂) and malondialdehyde 
(MDA) concentrations are used. The levels of hydrogen 
peroxide (H₂O₂) were determined using potassium iodide 
(KI) [36]. To summarize, the leaf tissues (0.1  g) were 
grounded in liquid nitrogen and then mixed with 3 mL 
of 0.1% (w/v) trichloroacetic acid (TCA) to homogenize 
them thoroughly. The resulting homogenate was centri-
fuged for 15 min at 12,000 rpm. 0.5 mL extract superna-
tant was added to 0.5 mL of 10 mM potassium phosphate 
buffer (pH 7.0) and 1 mL KI (1 M). The absorbance of the 
reaction was measured at 390 nm, and the concentration 
of H₂O₂ was determined using a standard curve created 
with known H₂O₂ concentrations.

Membrane lipid peroxidation was evaluated through 
the thiobarbituric acid test (TBAT) to quantify the MDA 
content. A 0.1 g sample of fresh leaves was ground in 3 
mL of 0.1% trichloroacetic acid (TCA) and homogenized. 
The resulting extract was then centrifuged at 6000  g 
for 5  min. Subsequently, 1 mL of the supernatant solu-
tion was mixed with 20% trichloroacetic acid containing 
0.5% thiobarbituric acid. This mixture was warmed in a 
water bath at 95  °C for 30 min then cooled down using 
ice cold bath and centrifuged at 6000 g for 10 min. Absor-
bance readings were taken at 532 and 600 nm, with the 
final absorbance calculated by subtracting the value at 
600 nm. The MDA concentration was determined using 
extinction coefficient of 0.155 µM cm− 1 and expressed in 
micromoles per gram of fresh weight (µmol g− 1 FW) [37].

Statistical analysis
All treatments were replicated 3 times in the experi-
ments. The experiment followed a factorial design and 
statistical analysis was carried out using one-way analysis 
of variance (ANOVA) with the support of SPSS statistical 
software. The mean values were compared by Duncan’s 
comparison test. Graphs were created using GraphPad 
Prism 9.0 software. Heat map analysis was performed 

using CIMMiner online from  h t t  p s : /  / d i  s c  o v e r . n c i . n i h . g o v 
/ c i m m i n e r / h o m e . d o     .  

Results
Germination parameters
After seven days, measurements were taken for shoot 
and radicle length, fresh and dry weight of seedlings, ger-
mination percentage (GP), germination rate (GR), seed-
ling length vigor (SLV), and seedling weight vigor (SWV) 
of Safflower using appropriate calculations. The results 
of the statistical analysis showed that Se had a significant 
impact on the shoot and radicle length, fresh weight of 
seedlings, GP, GR, SLV, and SWV (P ≤ 0.01) under salin-
ity conditions. The combined effect of NaCl and Se on 
seedling dry weight was not found to be significant. As 
the salt concentration increased, the shoot and radicle 
length, the fresh weight of seedlings, GP, GR, SLV, and 
SWV decreased. Selenium was found to enhance the 
shoot and radicle length, fresh weight of seedlings, GP, 
GR, SLV, and SWV in the presence of salinity. The mea-
surements for shoot and radicle length, fresh weight 
of seedlings, GP, GR, SLV, and SWV at a 2.5 g kg− 1 salt 
concentration were 3.33 cm, 4.08 cm, 0.057 g, 50%, 1.72, 
370.67, and 0.48 respectively. After the application of 
0.02 g kg− 1 Se, these measurements increased to 4.5 cm, 
6.19 cm, 0.06 g, 73.33%, 1.83,781.07, and 0.75 respectively 
(Tables 2 and 3; Fig. 1).

Growth parameters
The impact of Se on the growth factors of Safflower cul-
tivated in mediums with various levels of NaCl was sig-
nificant (P ≤ 0.01). The length of the shoot and root, the 
fresh and dry weight of shoots and roots, and the leaf 
area, decreased as the NaCl concentrations increased. 
The lowest measurements for these parameters were 
observed in the 2.5 g kg− 1 concentration treatment, with 
values of 26.03 cm, 10.23 cm, 1.93 g, 0.66 g, 0.18 g, 0.05 g, 
and 5.81 cm2, respectively. On the other hand, the results 
in Table  4 indicated that Safflower growth parameters 
were enhanced by applying Se under NaCl stress. In the 
group treated with 2.5  g kg− 1 NaCl and 0.02  g kg− 1 Se, 
there was an increase in the length of shoot and root, 
fresh and dry weight of shoots and roots, and leaf surface 
area by 13.33%, 22.18%, 21.24%, 50%, 22.72%, 64.81%, and 
13.94%, respectively (Table 4; Fig. 2).

Anatomical modifications
Cross sections of the stem of Safflower were analyzed 
to assess the anatomical effects of NaCl and Se (Fig. 3). 
The transverse section of the stem showed a significant 
increase in stem diameter, the thickness of cortical paren-
chyma, and pith diameter at Se (0.02  g kg− 1) and NaCl 
(2.5  g kg− 1) treatment (P ≤ 0.01). In contrast, there were 
no significant changes in the thickness of the xylem and 

https://discover.nci.nih.gov/cimminer/home.do
https://discover.nci.nih.gov/cimminer/home.do
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phloem. The stem diameter, thickness of cortical paren-
chyma, and pith diameter increased by 7.65%, 13.64%, 
and 5.97% in 0.02 g kg− 1 Se and 2.5 g kg− 1 NaCl treated 
plants as compared to 2.5 g kg− 1 NaCl ones (Table 5).

Na+ and K+ uptake by plant tissues
The study revealed a significant increase in Na+ and a 
decrease in K+ accumulation in safflower under salin-
ity stress. However, applying Se resulted in a change in 
Na+ and K+ accumulation (P ≤ 0.01). In plants exposed 
to NaCl (2.5  g kg− 1), the use of Se (0.02  g kg− 1) led to 
an increase in Na+ accumulation by 7.65%, compared 
to control (2.5 g kg− 1NaCl and 0 g kg− 1 Se) (Fig. 4a). An 
increase in K+ contents in shoots was observed using of 

Se (0.02 g kg− 1) by 29.24% relative to plants under NaCl 
(2.5 g kg− 1) conditions (Fig. 4b).

RWC
The findings showed that the stress experienced by plants 
from NaCl caused a significant decrease in their RWC. 
Nevertheless, there was an increase in RWC when Se 
was used under salinity stress (P ≤ 0.05). The RWC val-
ues at NaCl concentrations of 0.5, 1.5, and 2.5  g kg− 1 
were 82.47%, 76.76%, and 61.1%, respectively. In contrast, 
plants treated with 0.02 g kg− 1 of Se exhibited RWC lev-
els of 84.09%, 84.20%, and 70.25% under these NaCl con-
ditions (Fig. 5a).

Table 2 Effect of sodium selenate (0, 0.01, and 0.02 g L− 1) on seedling growth of Safflower under salinity stress (0, 0.5, 1.5, and 2.5 g 
L− 1)
Treatment
(g L− 1)

Shoot length
(cm)**

Radicle length
(cm) **

Fresh weight
(g) **

Dry weight
(g) ns

NaCl Se
0 4.16 ± 0.08bcd 10.10 ± 0.08ab 0.07 ± 0.002 c 0.018 ± 0.0004b

0 0.01 5.55 ± 0.13a 10.07 ± 0.08ab 0.10 ± 0.01 b 0.019 ± 0.0004b

0.02 5.93 ± 0.03a 10.30 ± 0.01a 0.14 ± 0.004 a 0.020 ± 0.001a

0 4.12 ± 0.02bcd 9.33 ± 0.16c 0.063 ± 0.0004 def 0.010 ± 0.001ef

0.5 0.01 4.31 ± 0.10bc 9.93 ± 0.07b 0.066 ± 0.0003 de 0.012 ± 0.0004de

0.02 4.53 ± 0.10b 10.15 ± 0.08ab 0.068 ± 0.0002 cd 0.013c ± 0.0001c
0 3.73 ± 0.27de 8.69 ± 0.12d 0.060 ± 0.0001 ef 0.011 ± 0.0001efg

1.5 0.01 3.73 ± 0.23de 9.58 ± 0.13c 0.062 ± 0.0001 def 0.012 ± 0.0002e

0.02 3.83 ± 0.23cde 9.99 ± 0.02b 0.063 ± 0.00004def 0.013 ± 0.00003cd

0 3.33 ± 0.16e 4.08 ± 0.02g 0.057 ± 0.0004f 0.0095 ± 0.0003h

2.5 0.01 3.67 ± 0.29de 5.37 ± 0.09f 0.058 ± 0.0001f 0.0099 ± 0.00003gh

0.02 4.50 ± 0.29b 6.19 ± 0.15e 0.060 ± 0.0003ef 0.010 ± 0.00002fgh

** Significant differences with the control group (P ≤ 0.01)
ns no significant differences with the control group

Lowercases letters show significant statistical differences between treatments. Data was presented in means (n = 3 ± S.E.)

Table 3 Effect of sodium selenate (0, 0.01, and 0.02 g kg− 1) on germination parameters of Safflower under salinity stress (0, 0.5, 1.5, 
and 2.5 g kg− 1)
Treatment
(g kg− 1)

GP (%)** GR** SLV** SWV**

NaCl Se
0 100 ± 0 a 1.5 ± 0 bc 1422 ± 14.47 b 1.86 ± 0.03a

0 0.01 100 ± 0 a 1.5 ± 0 bc 1562.7 ± 9.15a 1.91 ± 0.04a

0.02 86.67 ± 3.33 bc 1.0 ± 0 d 1406.9 ± 55.16b 1.75 ± 0.13a

0 76.67 ± 3.33 de 1.50 ± 0 bc 1032.8 ± 57.21d 0.85 ± 0.05d

0.5 0.01 83.33 ± 3.33 bcd 1.33 ± 0.16c 1187.8 ± 58.76c 1 ± 0.06bc

0.02 86.67 ± 3.33bc 1.33 ± 0.16c 1272.7 ± 50.55c 1.16 ± 0.04b

0 66.67 ± 3.33f 1.72 ± 0.1ab 826.8 ± 30.53e 0.73 ± 0.03de

1.5 0.01 80 ± 0 cde 1.50 ± 0bc 1065.3 ± 26.97d 0.92 ± 0.01c

0.02 90 ± 0 b 1.83 ± 0a 1243.5 ± 22.6c 1.16 ± 0.003b

0 50 ± 5.8 g 1.72 ± 0.1ab 370.67 ± 43.72g 0.48 ± 0.07f

2.5 0.01 66.67 ± 3.33 f 1.83 ± 0a 602 ± 29.14f 0.66 ± 0.03e

0.02 73.33 ± 3.33 ef 1.83 ± 0a 781.07 ± 9.1e 0.75 ± 0.03de

** Significant differences with the control group (P ≤ 0.01)

Lowercases letters show significant statistical differences between treatments. Data was presented in means (n = 3 ± S.E.)
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Soluble carbohydrates
Exogenous Se application significantly influenced the 
soluble carbohydrates content in safflower leaves under 
salinity conditions (P ≤ 0.01). The findings indicated a 
significant rise in soluble carbohydrates when plants 
were subjected to NaCl treatments. Plants treated with 
0.5. 1.5 and 2.5 g kg− 1 of NaCl exhibited a 50.69, 88.90, 
and 132.16% increase in soluble carbohydrates relative 
to the control group (0 g kg− 1 NaCl). However, the appli-
cation of Se resulted in an improvement in soluble car-
bohydrates under NaCl conditions. The 0.02 Se showed 
the highest increase in soluble carbohydrates under 
NaCl treatments, with a 14.17%, 6.16%, and 11.02% 

enhancement compared to plants that did not receive Se 
treatments (Fig. 5b).

Photosynthetic pigments
The impact of Se on the photosynthetic pigments content 
of safflower under salinity conditions has been displayed 
in Fig. 6a-d. The application of Se led to an enhancement 
in Chl a, Chl b, T Chl (P ≤ 0.01), and Car (P ≤ 0.05) under 
salinity conditions. Following the application of 0, 0.5, 
1.5, and 2.5 g kg− 1 NaCl, the levels of Chl a in safflower 
were measured at 0.62, 0.51, 0.49, and 0.47 mg g− 1 FW, 
respectively. These values were 0.65, 0.63, 0.54, and 0.55 
mg g− 1 FW in the group treated with Se (0.02 g kg− 1) and 
NaCl. After the application of 0.02 g kg− 1 Se, the levels of 

Fig. 1 Effect of sodium selenate (0, 0.01, and 0.02 g L-1) on germination of Safflower under salinity stress (0, 0.5, 1.5, and 2.5 g L-1)
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Chl b in safflower reached 0.32, 0.31, 0.27, and 0.28 mg 
g− 1 FW under salinity stress respectively. These values 
were 0.31, 0.25, 0.24, and 0.23 mg g− 1 FW in the groups 
without Se application. In plants exposed to NaCl (2.5 g 
kg− 1), the use of Se (0.02 g kg− 1) led to an increase in T 
Chl and Car content by 16.9% and 4.22%, compared to 
control (2.5 g kg− 1NaCl and 0 g kg− 1 Se).

H2O2 and MDA content
H2O2 and MDA content increased significantly under 
salinity-stressed conditions than under the control treat-
ment (Fig. 7). The H2O2 values gradually increased with 
increasing salinity levels, with the maximum values being 
obtained under 2.5 g kg− 1 NaCl (44%). Plants treated with 
Se (0.02  g kg− 1) significantly (P ≤ 0.05) decreased H2O2 
content by 44.59%, 9.43%, 16.48%, and 25.78% under 
NaCl treatments of 0, 0.5, 1.5, and 2.5 g kg− 1, respectively 
(Fig. 7a).

Plants exposed to 2.5 g kg− 1 NaCl recorded an increase 
of 103% in their levels of MDA which was highly remark-
able compared with the control group. The application of 
Se resulted in lower MDA levels under salt stress condi-
tions. The use of 0.01 and 0.02 g kg− 1 Se in plants exposed 
to 2.5 g kg− 1 NaCl led to a 5.64% and 11.9% decrease in 
MDA content, respectively, compared to plants that did 
not receive Se treatments (P ≤ 0.01, Fig. 7b).

Heat map analysis and cluster analysis of studied 
parameters of C. Tinctorius at different salinity and Se 
treatments
The heat map analysis identified clear patterns associ-
ated with the variability of H2O2, MDA, and soluble car-
bohydrates under different treatments. These parameters 
demonstrated the highest level of variability among the 
traits assessed, reflecting their sensitivity to the treat-
ment conditions. On the other hand, a cluster consisting 

of carotenoids and total chlorophylls showed minimal 
variability, indicating a more consistent response to the 
treatments (Fig.  8). Three primary clusters were identi-
fied based on the treatments. The classification of plant 
samples into these clusters was mainly influenced by the 
concentrations of NaCl and Se in the soil (Fig.  8, at the 
left). The first cluster comprised control plants and those 
treated with Se. The second cluster included plants at 0.5 
NaCl concentrations along with Se treatments and plants 
treated with 1.5  g kg− 1 NaCl and Se. The third cluster 
included plants at 2.5 g kg− 1 NaCl and Se concentrations 
and those exposed to only 1.5 g kg− 1 NaCl. Overall, these 
findings highlighted the differing sensitivities of various 
plant traits and their responses to the treatments.

Discussion
Salt toxicity and various environmental stresses have a 
negative impact on the morphological and physiological 
characteristics of plants [38]. The productivity of a crop is 
influenced by the physical and chemical properties of the 
soil, in addition to other environmental conditions. Soil 
alkalinity has been reported to continuously rise due to 
salt stress, which is a major cause of reduction in plant 
growth and yield [39]. Selenium is a crucial inorganic 
plant stimulant known for its stress-alleviating functions. 
Selenium exhibits both beneficial and harmful effects on 
plant life. High doses of Se can lead to various negative 
outcomes, impacting plant growth and physiology. On 
the other hand, at lower concentrations, Se acts as a stim-
ulant, enhancing plant growth and yield [40, 41].

The germination process is the beginning of a plant’s 
life cycle as it affects later growth, development, and yield 
aspects. In areas prone to salinity, seed germination and 
early seedling stages are particularly vital for plant estab-
lishment and overall growth, determining the plant’s abil-
ities for salinity stress [8, 42]. Based on the information 

Table 4 Effect of sodium selenate (0, 0.01, and 0.02 g kg− 1) on growth parameters of Safflower under salinity stress (0, 0.5, 1.5, and 
2.5 g kg− 1)
Treatment
(g kg− 1)

Shoot length
(cm)

Root length
(cm)

Shoot fresh 
biomass (g)

Root fresh 
biomass (g)

Shoot dry bio-
mass (g)

Root dry bio-
mass (g)

Leaf area
(cm2)

NaCl Se
0 43.23 ± 0.15a 16 ± 0.5 c 3.51 ± 0.18 b 1.5 ± 0.08 b 0.16 ± 0.02 f 0.087 ± 0.001 bc 9.83 ± 0.4 c

0 0.01 44.5 ± 0.28 a 17.63 ± 0.28 b 3.32 ± 0.05 b 1.58 ± 0.07 b 0.27 ± 0.007 b 0.086 ± 0.002 bc 10.83 ± 0.4 b

0.02 45 ± 0.15 a 19 ± 0.58 a 3.91 ± 0.02 a 1.86 ± 0.02 a 0.29 ± 0.003 ab 0.11 ± 0.005 a 11.67 ± 0.2 a

0 35.33 ± 0.33 e 15.27 ± 0.12 c 2.78 ± 0.02 de 1.05 ± 0.02 de 0.21 ± 0.02 cd 0.081 ± 0.002bcd 7.93 ± 0.1 de

0.5 0.01 36.67 ± 0.17 d 16.27 ± 0.32 c 2.9 ± 0.03 cd 1.18 ± 0.02 cd 0.28 ± 0.007 ab 0.087 ± 0.001 b 8.51 ± 0.2 d

0.02 38.13 ± 0.19 c 17.63 ± 0.19 b 2.99 ± 0.003 c 1.27 ± 0.01 c 0.31 ± 0.004 a 0.089 ± 0.001 b 8.33 ± 0.2 d

0 31.67 ± 0.44 f 12.63 ± 0.41 d 2.38 ± 0.09 f 0.95 ± 0.03 e 0.2 ± 0.003 de 0.071 ± 0.006 e 7.06 ± 0.4 fg

1.5 0.01 34.6 ± 0.49 e 15.5 ± 0.58 c 2.66 ± 0.01 e 1.01 ± 0.01 e 0.22 ± 0.007 cd 0.077 ± 0.002cde 7.43 ± 0.1 ef

0.02 36.47 ± 0.32 d 17.73 ± 0.28 b 2.74 ± 0.02 de 1.08 ± 0.02 de 0.23 ± 0.002 c 0.082 ± 0.002bcd 7.98 ± 0.04 de

0 26.03 ± 0.42 h 10.23 ± 0.15 f 1.93 ± 0.02 g 0.66 ± 0.01 g 0.18 ± 0.009 e 0.054 ± 0.002 f 5.81 ± 0.2 h

2.5 0.01 29.4 ± 0.38 g 11.3 ± 0.15 e 2.01 ± 0.02 g 0.69 ± 0.1 fg 0.19 ± 0.003 de 0.075 ± 0.002 de 5.98 ± 0.2 h

0.02 29.5 ± 0.76 g 12.5 ± 0.29 d 2.34 ± 0.06 f 0.81 ± 0.02 f 0.27 ± 0.003 b 0.089 ± 0.002 b 6.62 ± 0.2 gh

Lowercases letters show significant statistical differences between treatments (P ≤ 0.01). Data was presented in means (n = 3 ± S.E.)
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provided, it seems that salinity hurt the germination and 
growth of seedlings. When Se was used in this experi-
ment, germination characteristics and seedlings’ growth 
improved. This suggests that sodium selenate may have 
a positive effect on overcoming the negative effects of 
salinity on seed germination.

The reduced germination of seeds under salinity 
stress could be due to the delayed uptake of water and 
decreased activity of α-amylase, which breaks the starch 
down. Compared with the internal osmotic potential of 
the seeds, salinity decreases their soil’s osmotic poten-
tial, thus hindering the uptake of water during seed ger-
mination [43]. Therefore, the germination rate declines, 

and the period for germination increases. Additionally, 
salinity can affect the viability of embryos even after ger-
mination, as it may lead to the excessive accumulation 
of Na+ and Cl− ions [44]. Following seed germination, 
embryonic growth, seedling development, and over-
all vigor are influenced by both ionic and osmotic stress 
[45]. The saline stress restricted the germination of seeds 
causing a considerable decrease in the wheat yield [8]. 
Salt stress negatively influenced germination percentage 
and rate, shoot and root length, seedling growth, root-
to-shoot length ratio, seed vigor, germination index, and 
germination time for the six safflower genotypes [46]. 
Salinity stress hindered the germination of Brassica rapa 

Fig. 2 Effect of sodium selenate (0, 0.01, and 0.02 g kg-1) on growth of Safflower under salinity stress (0, 0.5, 1.5, and 2.5 g kg-1)
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Table 5 Effect of sodium selenate (0 and 0.02 g kg− 1) on anatomical parameters of Safflower under salinity stress (0 and 2.5 g kg− 1)
Treatments (g kg− 1) Stem dimeter

(µm)**
Pith diameter
(µm)**

Cortical parenchyma diameter  
(µm) **

Xylem diameter
(µm)ns

Pholem diameter  
(µm)nsNaCl Se

0 0 5.64 ± 0.06c 3.44 ± 0.03d 1.81 ± 0.02c 0.72 ± 0.02d 0.26 ± 0.04c

0.02 16.87 ± 0.12b 9.34 ± 0.08c 7.25 ± 0.10ab 1.27 ± 0.06c 0.48 ± 0.06c

2.5 0 17.10 ± 0.05b 10.88 ± 0.02b 6.57 ± 0.23c 1.63 ± 0.08b 0.82 ± 0.02b

0.02 18.41 ± 0.14a 11.53 ± 0.32a 7.47 ± 0.36a 2.18 ± 0.13a 1.17 ± 0.10a

** Significant differences with the control group (P ≤ 0.01)
ns no significant differences with the control group

Lowercases letters show significant statistical differences between treatments. Data was presented in means (n = 3 ± S.E.)

Fig. 3 Effect of sodium selenate (0 and 0.02 g kg-1) on stem anatomy of Safflower under salinity stress (0 and 2.5 g kg-1). (a) control treatment (0 NaCl and 
0 Se); (b) 0.02 g kg-1 Se treatment; (c) 2.5 g kg-1 NaCl treatment; (d) 2.5 g kg-1 NaCl with 0.02 g kg-1 Se treatment. Co, cortex; P, pith; Ph, phloem; Xy, xylem
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seeds, as well as the length and fresh weight of seedlings 
when compared to seeds grown under normal condi-
tions. However, stressed and non-stressed conditions 
responded positively to Se applications [39]. The results 
of the experimental study demonstrate that Se has a ben-
eficial role in alleviating salt stress thereby proposing its 
use against salinity challenges in agricultural areas.

In this investigation, it was shown that the plants sub-
jected to the Se treatment have increased shoot and 
root length, higher fresh and dry weight, and increased 
leaf area when exposed to salt stress. Salinity alters 
plant growth and development due to its multifaceted 
effects on physiological and biochemical factors includ-
ing mineral ion homeostasis, water balance, osmolytes 
accumulation, antioxidant functions, nitrogen fixation, 
and photosynthetic capacity [47]. The enhanced growth 
of roots and shoots in Se-treated plants may have been 
partly due to their improved physiological and metabolic 
properties [48, 49]. Selenium functions as an anti-aging 
agent, supporting cellular components and functions, 
thereby enhancing plant performance [50]. Moreover, 
Se had positive impacts on the uptake and transport of 
essential nutrient elements by the plants from the grow-
ing medium, significantly enhancing their growth and 
development [14]. Wang, et al. [51] and Hemmati, et al. 
[52] asserted that the application of Se fertilizer in soil is 
a practical and effective approach to enhance the overall 
performance of plants. In the research, Se was used as a 
seed priming agent for seeds cultivated in salt - amended 
soils. Results demonstrated that seedlings originating 
from the Se-primed seeds showed increased root and 
shoot growth, fresh weight, and biomass production 
which confirms the current findings [39].

Anatomical modification of the stem was observed 
in Safflower treated with Se and NaCl. The stem diam-
eter, thickness of cortical parenchyma, pith diameter, 
and thickness of xylem and phloem increased in salin-
ity conditions which may be a defensive attribute under 
salinity conditions. Studies showed that the epidermal 
cells’ diameter and thickness of the cortex of Salvadora 
persica decreased by salinity. In contrast, the thickness 
of the hypodermal layer, the diameter of the hypodermal 
cell, the pith area, and the pith cell diameter increased 
by high salinity. It also showed no significant changes 
in xylem vessel diameter in the stem of S. persica with 
increasing salinity [53]. An increase in the thickness of 
the xylem may be considered as an adaptive mechanism 
of Safflower to maintain a steady water flow in a shoot at 
saline conditions and with steady water flow may help in 
translocation of more mineral ions to the shoot. In con-
trast to our results, salinity-induced decreases in xylem 
vessel diameter causing a reduction in water and mineral 
conductivity have been reported in many plants [54, 55]. 
In this research, Se treatment increased stem diameter, 

Fig. 5 Effect of sodium selenate (0, 0.01, and 0.02 g kg-1) on some physi-
ological parameters of Safflower under salinity stress (0, 0.5, 1.5, and 2.5 g 
kg-1). (a) RWC; (b) soluble carbohydrates content. Lowercases letters show 
significant statistical difference between treatments. Data was presented 
in means (n = 3 ± S.E.)

 

Fig. 4 Effect of sodium selenate (0 and 0.02 g kg-1) on (a) Na+ and (b) K+ 
content of Safflower under salinity stress (0, 0.5, and 2.5 g kg-1). Lowercases 
letters show significant statistical differences between treatments. Data 
was presented in means (n = 3 ± S.E.)
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the thickness of cortical parenchyma, and pith diameter. 
Several lines of evidence support Se-associated changes 
in signaling hormones [56–59] which may be responsible 
for differential growth, metabolism, tissue differentiation, 
and morphology.

In the present study, it was found salinity had an 
adverse effect on safflower’s RWC whereas sodium sel-
enate showed a contrary result. Salt in solution surround-
ing the root zone may have an adverse impact on plant 
growth through the osmotic effect that reduces water 
uptake resulting in reduced leaf and tissue water poten-
tial [60]. In salt-stressed conditions, there is an increase 
in chlorophyllase activity and cellular damage leading 
to chlorophyll depletion and decreased water content 
in plants [61]. The improved water content in tissues of 
plants treated with Se may be associated with enhanced 
root growth, which enables better water uptake [62]. 
It is also involved in maintaining the stability of mem-
branes and cell turgor under NaCl stress [63]. According 
to Elkelish, et al. [64], a low concentration of Se (5 µM) 
reduced the adverse effects of salt stress. Plants treated 
with 5 µM Se showed increased RWC. Shekari, et al. [65] 
found that the application of 5 µM Se led to an increase 
in root length as well as a 13% enhancement in RWC for 
Capsicum anuum compared to control plants. There-
fore, our results confirm that Se plays a role in improving 
RWC under salinity stress.

Our findings indicated that salinity decreased photo-
synthetic pigments such as Chl a, Chl b, T Chl, and Car in 

Fig. 7 Effect of sodium selenate (0, 0.01, and 0.02 g kg-1) on (a) H2O2 and 
(b) MDA content of Safflower under salinity stress (0, 0.5, 1.5, and 2.5  g 
kg-1). Lowercases letters show significant statistical differences between 
treatments. Data was presented in means (n = 3 ± S.E.)

 

Fig. 6 Effect of sodium selenate (0, 0.01, and 0.02 g kg-1) on photosynthetic pigments of Safflower under salinity stress (0, 0.5, 1.5, and 2.5 g kg-1). (a) 
chlorophyll a; (b) chlorophyll b; (c) total chlorophyll; (d) carotenoid. Lowercases letters show significant statistical differences between treatments. Data 
was presented in means (n = 3 ± S.E.)
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Safflower leaves. However, the treatment with Se signifi-
cantly increased the content of photosynthetic pigments 
in plants under salt stress. The excessive accumulation 
of salt reduces photosynthetic pigment synthesis by 
decreasing the activity of enzymes such as 5-aminolevu-
linic acid dehydratase, porphobilinogen deaminase, cop-
roporphyrinogen III oxidase, porphyrinogen IX oxidase, 
Mg-chelatase, and protochlorophyllide oxidoreductase 
[66]. This reduction in enzyme activity may be accom-
panied by an increase in chlorophyllase activity and 
cellular damage, as well as a decrease in leaf water poten-
tial, nitrogen uptake, and allocation for Rubisco syn-
thesis, ultimately leading to a decline in photosynthetic 

efficiency [61, 67–69]. Selenium enhances the glutathione 
peroxidase (GSH-Px) activity and decreases the free radi-
cals to support plants under stress. Replacing sulfur with 
Se enhances protein biosynthesis and increases chloro-
phyll content by influencing the formation of porphy-
rins [13, 70]. It has been reported in various researches 
that porphyrins are important in the production of pho-
tosynthetic pigments [71]. Hussain, et al. [72] demon-
strated that seedlings treated with Se had significantly 
higher photosynthetic content than NaCl-spiked and 
control seedlings. The studies also showed that applying 
Se reduced the degradation of photosynthetic pigments 
when crops were exposed to abiotic stresses [39, 64, 73]. 

Fig. 8 Heat map of studied traits under NaCl and Se treatments. GR: germination rate, SC: soluble carbohydrate, RFW: root fresh weight, SFW: shoot fresh 
weight, LA: leaf area, SDW: shoot dry weight, RDW: root dry weight, TCh: total chlorophyll, CAR: carotenoids, RL: root length, SL: shoot length, GP; germina-
tion percentage. T1 = Se 0.01, T2 = Se 0.02, T3 = NaCl 0.5, T4 = NaCl 0.5 * Se 0.01, T5 = NaCl 0.5 * Se 0.02, 6 NaCl 1.5, T7 = NaCl 1.5 * Se 0.01, T8 = NaCl 1.5 * Se 
0.02, T9 = NaCl 2.5, T10 = NaCl 2.5 * Se 0.01, T11 = NaCl 2.5 * Se 0.02
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Therefore, it can be deduced that increased synthesis of 
photosynthetic pigments resulted in enhanced photosyn-
thetic activity in Safflower plants treated with Se under 
salt stress.

The study findings indicated that NaCl increased the 
production of soluble carbohydrates in plants. The opti-
mal levels of osmolytes, such as total soluble sugars, 
play a crucial role in alleviating plant stresses through 
osmoregulation [74, 75]. Osmoprotectants aid in pre-
serving the synthesis of proteins and chlorophyll, main-
taining membrane integrity, regulating redox balance, 
and detoxifying excess reactive oxygen species (ROS) in 
stressed plants [63]. Selenium may enhance the produc-
tion of plant metabolites that help mitigate salt stress by 
sustaining osmotic balance. This equilibrium maintains 
cellular turgidity, provides membrane strength and pro-
tection, and thereby prevents oxidative stress and photo-
oxidation in stressed plants [39]. In the current study, Se 
treatment led to an increase in the synthesis of total sol-
uble sugars, probably due to starch hydrolysis into sugars 
and enhanced amylase activity. Furthermore, it has been 
suggested that Se may improve carbohydrate metabolism 
by stimulating fructose 1,6-bisphosphatase activity [76]. 
The results of this investigation are consistent with previ-
ous studies conducted by Põldma, et al. [77], Elkelish, et 
al. [64], and Hussain, et al. [72] who reported increased 
amounts of total soluble sugar in Se-treated plants under 
salt stress conditions.

Salt stress increases the production of H₂O₂, which 
plays a crucial role in cellular contraction, apoptosis, and 
DNA damage [78]. Enzymatic and non-enzymatic antiox-
idants can reduce excess H2O2 and diminish stress [79]. 
The results from using Se on plants indicate that it can 
significantly decrease the concentration of H₂O₂ in them 
which is consistent with the findings observed by Rady, 
et al. [80], Rehman, et al. [81] and Rasool, et al. [82]. 
Malondialdehyde serves as a crucial indicator of lipid 
peroxidation. There was a notable increase in the MDA 
content in leaves when exposed to salt stress. Neverthe-
less, applying Se reduced the MDA of plants exposed 
to salt stress. MDA is a byproduct resulting from the 
breakdown of polyunsaturated fatty acids, and its levels 
indicate the degree of lipid peroxidation due to oxida-
tive stress [83]. Salinity causes osmotic and ionic stress, 
which leads to the production of ROS [84]. When the 
level of ROS exceeds a certain threshold, lipid peroxi-
dation occurs in both the cell and organelle membrane 
[85]. Shekari, et al. [86] discovered that the use of Se 
led to a decrease in levels of ROS and MDA by enhanc-
ing the antioxidative activity of enzymes. Additionally, 
seleno-proteins are vital for stress tolerance by regulating 
redox processes [87]. Therefore, seleno-proteins induced 
by Se may alleviate oxidative damage caused by salinity 
stress by detoxifying ROS produced during stress [88]. 

Similarly, enhancing the coordination of antioxidative 
defense mechanisms in Se-treated plants led to a reduc-
tion in membrane damage and MDA levels under salinity 
conditions [59, 89, 90]. The present results are supported 
by other research indicating that the application of exog-
enous selenium reduced MDA levels in various plant spe-
cies under stress conditions [91, 92].

Salt decreased K+ absorption, while Se (0.02) increased 
K+ uptake in plants exposed to salt stress (2.5 mg kg− 1). 
Typically, Elevated levels of Na+ lead to a reduction in 
K+ levels. It is crucial for tolerance to regulate cytosolic 
K+ levels effectively to maintain homeostasis in the plant 
[93]. Plants under salinity stress had poorly developed 
root systems, resulting in low nutrient absorption. The 
root structure and development improved with Se which 
enhanced uptake of essential plant nutrients. Addition-
ally, K+ promotes growth by regulating stress-responsive 
metabolites production, enhancing nitrogen assimila-
tion, and aiding the antioxidant system in plants [67, 94, 
95]. The effects of Se on Zea mays salinity tolerance were 
investigated by Jiang, et al. [96]. According to their 
research, K+ levels were increased and Na+ levels were 
decreased with 1 µM of Se under salinity stress condi-
tions. Research revealed that salinity stress had a detri-
mental impact on nutrient absorption in both the shoots 
and roots of Brassica rapa. In addition, it was shown 
that pre-treating seeds with Se minimizes the harmful 
impacts of salinity stress on plants since they can easily 
absorb essential nutrients [39].

Jawad Hassan, et al. [97] found that Se increased K+ 
levels in salt-affected plants treated with Se. Conversely, 
Hawrylak-Nowak, et al. [98] indicated that Se does not 
affect the absorption of Na+ or K+ in the treated plants. 
As a result, the precise mechanism by which Se-treated 
plants mitigated Na toxicity remains unclear. It is sug-
gested that changes in cellular processes induced by 
appropriate levels of Se may aid in the sequestration of 
Na+ within root vacuoles. Furthermore, structural modi-
fications have been observed as a strategy for alleviating 
salinity stress in plants [99].

Conclusions
The external application of Se has shown significant 
potential in relieving salt stress in safflower plants. The 
protective effects of Se may be attributed to the increase 
in osmoprotectants (like soluble sugars), increased pho-
tosynthetic efficiency, and alterations in anatomical char-
acteristics. Consequently, the application of Se to soil 
could potentially serve as a future strategy for combat-
ing abiotic stresses and reducing the adverse impacts of 
salinity.

Acknowledgements
The authors would like to thank the research council of Kharazmi University, 
Tehran, Iran.



Page 14 of 16Fatahiyan et al. BMC Plant Biology          (2025) 25:100 

Author contributions
All authors contributed to the study conception and design. Material 
preparation, data collection and analysis were performed by Fatemeh 
Fatahiyan and Farzaneh Najafi. The first draft of the manuscript was written 
by Zohreh Shirkhani and all authors commented on previous versions of the 
manuscript. All authors read and approved the final manuscript.

Funding
Not applicable.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
This article does not contain any studies involving humans and animals as 
research subjects.

Consent for publication
Not applicable.

Clinical trial number
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 30 October 2024 / Accepted: 7 January 2025

References
1. Chourasia KN, Lal MK, Tiwari RK, Dev D, Kardile HB, Patil VU, Kumar A, 

Vanishree G, Kumar D, Bhardwaj V. Salinity stress in potato: understanding 
physiological, biochemical and molecular responses. Life. 2021;11(6):545.

2. Sharma D, Singh A. Salinity research in India-achievements, challenges and 
future prospects. Water Energy Int 2015;58(6):35–45.

3. Gupta B, Huang B. Mechanism of salinity tolerance in plants: physi-
ological, biochemical, and molecular characterization. Int J Genomics. 
2014;2014(1):701596.

4. Ali Y, Aslam Z, Ashraf M, Tahir G. Effect of salinity on chlorophyll concentra-
tion, leaf area, yield and yield components of rice genotypes grown under 
saline environment. Int J Environ Sci Technol. 2004;1:221–5.

5. Ivanova K, Anev S, Tzvetkova N, Georgieva T, Markovska Y. Influence of salt 
stress on stomatal, biochemical, and morphological factors limiting photo-
synthetic gas exchange in Paulownia elongata× fortunei. Comptes rendus de 
l’Académie bulgare des Sci. 2015;68(2):217–24.

6. Gholizadeh A, Saberioon M, Borůvka L, Wayayok A, Soom MAM. Leaf chloro-
phyll and nitrogen dynamics and their relationship to lowland rice yield for 
site-specific paddy management. Inform Process Agric. 2017;4(4):259–68.

7. Munns R, Tester M. Mechanisms of salinity tolerance. Annu Rev Plant Biol. 
2008;59:651–81.

8. Hasanuzzaman M, Nahar K, Fujita M, Ahmad P, Chandna R, Prasad M, Ozturk 
M. Enhancing plant productivity under salt stress: relevance of poly-omics. 
Salt Stress Plants: Signal Omics Adaptations 2013:113–56.

9. Tonguç M, Önder S, Mutlucan M. Determination of germination parameters 
of safflower (Carthamus tinctorius L.) cultivars under salt stress. Süleyman 
Demirel Üniversitesi Fen Bilimleri Enstitüsü Dergisi. 2021;25(2):155–61.

10. Saddiq MS, Iqbal S, Hafeez MB, Ibrahim AM, Raza A, Fatima EM, Baloch H, 
Jahanzaib, Woodrow P, Ciarmiello LF. Effect of salinity stress on physiological 
changes in winter and spring wheat. Agronomy. 2021;11(6):1193.

11. Yousaf J, Mohammad S, Jehan B, Mohammad A. Seed priming improves 
salinity tolerance of wheat varieties. Pak J Bot. 2011;43(6):2683–6.

12. Abideen Z, Waqif H, Munir N, El-Keblawy A, Hasnain M, Radicetti E, Mancinelli 
R, Nielsen BL, Haider G. Algal-mediated nanoparticles, phycochar, and 
biofertilizers for mitigating abiotic stresses in plants: a review. Agronomy. 
2022;12(8):1788.

13. Khan Z, Thounaojam TC, Chowdhury D, Upadhyaya H. The role of selenium 
and nano selenium on physiological responses in plant: a review. Plant 
Growth Regul. 2023;100(2):409–33.

14. Gupta M, Gupta S. An overview of selenium uptake, metabolism, and toxicity 
in plants. Front Plant Sci 2017, 7:2074.

15. Raina M, Sharma A, Nazir M, Kumari P, Rustagi A, Hami A, Bhau BS, Zargar SM, 
Kumar D. Exploring the new dimensions of selenium research to understand 
the underlying mechanism of its uptake, translocation, and accumulation. 
Physiol Plant. 2021;171(4):882–95.

16. Mushtaq NU, Saleem S, Tahir I, Seth CS, Rehman RU. Crosstalk in proline 
biosynthesis regulates proline augmentation and resilience to salt stress in 
Panicum miliaceum L. Environ Exp Bot. 2024;224:105810.

17. Saleem S, Alghamdi KM, Mushtaq NU, Tahir I, Bahieldin A, Henrissat B, 
Alghamdi MK, Rehman RU, Hakeem KR. Computational and experimental 
analysis of foxtail millet under salt stress and selenium supplementation. 
Environ Sci Pollut Res. 2023;30(52):112695–709.

18. Du B, Luo H, He L, Zhang L, Liu Y, Mo Z, Pan S, Tian H, Duan M, Tang X. Rice 
seed priming with sodium selenate: effects on germination, seedling growth, 
and biochemical attributes. Sci Rep. 2019;9(1):4311.

19. Sher H, Aldosari A, Ali A, de Boer HJ. Economic benefits of high value medici-
nal plants to Pakistani communities: an analysis of current practice and 
potential. J Ethnobiol Ethnomed. 2014;10:1–16.

20. Wangchuk P, Tobgay T. Contributions of medicinal plants to the Gross 
National Happiness and Biodiscovery in Bhutan. J Ethnobiol Ethnomed. 
2015;11:1–13.

21. Saberali SF, Moradi M. Effect of salinity on germination and seedling growth 
of Trigonella foenum-graecum, Dracocephalum moldavica, Satureja hortensis 
and Anethum graveolens. J Saudi Soc Agricultural Sci. 2019;18(3):316–23.

22. Sabzalian MR, Mirlohi A, Saeidi G, Rabbani MT. Genetic variation among 
populations of wild safflower, Carthamus oxyacanthus analyzed by agro-mor-
phological traits and ISSR markers. Genet Resour Crop Evol. 2009;56:1057–64.

23. Ergönül PG, Özbek ZA. Cold pressed safflower (Carthamus tinctorius L.) seed 
oil. Cold Pressed Oils 2020:323–33.

24. Hussain MI, Lyra D-A, Farooq M, Nikoloudakis N, Khalid N. Salt and drought 
stresses in safflower: a review. Agron Sustain Dev. 2016;36:1–31.

25. Kaya DM, Bayramin S, Kaya G, Uzun O. Seed vigor and ion toxicity in safflower 
(Carthamus tinctorius L.) seedlings produced by various seed sizes under 
NaCl stress. Archives Biol Sci. 2011;63(3):723–9.

26. Liopa-Tsakalidi A, Kaspiris G, Salahas G, Barouchas P. Effect of salicylic acid (SA) 
and gibberellic acid (GA3) pre-soaking on seed germination of stevia (Stevia 
rebaudiana) under salt stress. Med Plants Res. 2012;6(3):416–23.

27. Ranal MA, Santana DG. How and why to measure the germination process? 
Brazilian J Bot. 2006;29(1):1–11.

28. Abdul-Baki AA, Anderson JD. Relationship between decarboxylation of 
glutamic acid and vigor in soybean seed 1. Crop Sci. 1973;13(2):227–32.

29. Sparks D, Page A, Helmke P, Loeppert R, Soltanpour P, Tabatabai M, Johnston 
C, Sumner M. Methods of soil analysis, part 3; 1996.

30. Pandey S, Singh H. A simple, cost-effective method for leaf area estimation. J 
Bot. 2011;2011(1):658240.

31. O’BRIEN T. Polychromatic staining of plant cell wall by toluidine blue-O. Proto-
plasma. 1964;59:69–76.

32. Emami A. Methods of plant decomposition. Volume 1. Tehran: Soil and Water 
Research Institute; 1996.

33. Weatherley P. Studies in the water relations of the cotton plant. I. The field 
measurement of water deficits in leaves. New Phytol. 1950;81:97.

34. Kochert G. Carbohydrate determination by the phenol-sulfuric acid method. 
Handbook of phycological methods, Physiological and biochemical methods 
1978:95.

35. Lichtenthaler H. Chlorophyll and carotenoids–pigments of photosynthetic 
biomembrances za Colowick SP, Kaplan NO methods in Enzymology. Volume 
148. San Diego–New York–Berkley–Boston–London–Sydney–Tokyo–Toronto: 
In.: Academic; 1987.

36. Alexieva V, Sergiev I, Mapelli S, Karanov E. The effect of drought and ultra-
violet radiation on growth and stress markers in pea and wheat. Plant Cell 
Environ. 2001;24(12):1337–44.

37. Heath RL, Packer L. Photoperoxidation in isolated chloroplasts: I. kinet-
ics and stoichiometry of fatty acid peroxidation. Arch Biochem Biophys. 
1968;125(1):189–98.

38. Khan I, Raza MA, Awan SA, Shah GA, Rizwan M, Ali B, Tariq R, Hassan MJ, 
Alyemeni MN, Brestic M. Amelioration of salt induced toxicity in pearl millet 
by seed priming with silver nanoparticles (AgNPs): the oxidative damage, 



Page 15 of 16Fatahiyan et al. BMC Plant Biology          (2025) 25:100 

antioxidant enzymes and ions uptake are major determinants of salt tolerant 
capacity. Plant Physiol Biochem. 2020;156:221–32.

39. Hussain S, Ahmed S, Akram W, Ahmad A, Yasin NA, Fu M, Li G, Sardar R. The 
potential of selenium to induce salt stress tolerance in Brassica rapa: evalua-
tion of biochemical, physiological and molecular phenomenon. Plant Stress. 
2024;11:100331.

40. Hasanuzzaman M, Bhuyan MB, Raza A, Hawrylak-Nowak B, Matraszek-Gawron 
R, Al Mahmud J, Nahar K, Fujita M. Selenium in plants: Boon or bane? Environ 
Exp Bot. 2020;178:104170.

41. Shah WH, Rasool A, Padder SA, Singh RK, Prasad M, Tahir I, Rehman Ru, 
Hakeem KR. Decarboxylation mechanisms of the C4 cycle in foxtail mil-
let observed under salt and selenium treatments. Plant Growth Regul. 
2023;99(1):65–83.

42. Parmoon G, Moosavi SA, Siadat SA. How salinity stress influences the thermal 
time requirements of seed germination in Silybum marianum and Calendula 
officinalis. Acta Physiol Plant. 2018;40(9):175.

43. Munns R, Passioura JB, Colmer TD, Byrt CS. Osmotic adjustment and energy 
limitations to plant growth in saline soil. New Phytol. 2020;225(3):1091–6.

44. El Sabagh A, Islam MS, Skalicky M, Ali Raza M, Singh K, Anwar Hossain M, Hos-
sain A, Mahboob W, Iqbal MA, Ratnasekera D. Salinity stress in wheat (Triticum 
aestivum L.) in the changing climate: adaptation and management strategies. 
Front Agron. 2021;3:661932.

45. El-Hendawy S, Elshafei A, Al-Suhaibani N, Alotabi M, Hassan W, Dewir YH, 
Abdella K. Assessment of the salt tolerance of wheat genotypes during the 
germination stage based on germination ability parameters and associated 
SSR markers. J Plant Interact. 2019;14(1):151–63.

46. Khodadad M. An evaluation of safflower genotypes(Carthamus tinctorius L.), 
seed germination and seedling characters in salt stress conditions. Afr J Agric 
Res. 2011;6(7):1667–72.

47. Iqbal N, Umar S, Khan NA. Nitrogen availability regulates proline and ethylene 
production and alleviates salinity stress in mustard (Brassica juncea). J Plant 
Physiol. 2015;178:84–91.

48. Singh R, Upadhyay A, Singh D. Regulation of oxidative stress and mineral 
nutrient status by selenium in arsenic treated crop plant Oryza sativa. Eco-
toxicol Environ Saf. 2018;148:105–13.

49. Ikram M, Raja NI, Javed B, Mashwani Z-u-R, Hussain M, Hussain M, Ehsan M, 
Rafique N, Malik K, Sultana T. Foliar applications of bio-fabricated selenium 
nanoparticles to improve the growth of wheat plants under drought stress. 
Green Process Synthesis. 2020;9(1):706–14.

50. Kaur N, Sharma S, Kaur S, Nayyar H. Selenium in agriculture: a nutrient or 
contaminant for crops? Arch Agron Soil Sci. 2014;60(12):1593–624.

51. Wang Q, Yu Y, Li J, Wan Y, Huang Q, Guo Y, Li H. Effects of different forms of 
selenium fertilizers on Se accumulation, distribution, and residual effect 
in winter wheat–summer maize rotation system. J Agric Food Chem. 
2017;65(6):1116–23.

52. Hemmati M, Delkhosh B, Rad AHS, Mohammadi GN. Effect of the application 
of foliar selenium on canola cultivars as influenced by different irrigation 
regimes. J Agricultural Sci. 2019;25(3):309–18.

53. Parida AK, Veerabathini SK, Kumari A, Agarwal PK. Physiological, anatomi-
cal and metabolic implications of salt tolerance in the halophyte Salvadora 
Persica under hydroponic culture condition. Front Plant Sci. 2016;7:351.

54. Rewald B, Raveh E, Gendler T, Ephrath JE, Rachmilevitch S. Phenotypic 
plasticity and water flux rates of Citrus root orders under salinity. J Exp Bot. 
2012;63(7):2717–27.

55. Atabayeva S, Nurmahanova A, Minocha S, Ahmetova A, Kenzhebayeva S, Aid-
osova S, Nurzhanova A, Zhardamalieva A, Asrandina S, Alybayeva R. The effect 
of salinity on growth and anatomical attributes of barley seedling (Hordeum 
vulgare L). Afr J Biotechnol. 2013;12(18):2366.

56. Babajani A, Iranbakhsh A, Oraghi Ardebili Z, Eslami B. Differential growth, 
nutrition, physiology, and gene expression in Melissa officinalis mediated 
by zinc oxide and elemental selenium nanoparticles. Environ Sci Pollut Res. 
2019;26(24):24430–44.

57. Feigl G, Horváth E, Molnár Á, Oláh D, Poór P, Kolbert Z. Ethylene-nitric oxide 
interplay during selenium-induced lateral root emergence in Arabidopsis. J 
Plant Growth Regul. 2019;38:1481–8.

58. Malheiros RS, Costa LC, Ávila RT, Pimenta TM, Teixeira LS, Brito FA, Zsögön A, 
Araújo WL, Ribeiro DM. Selenium downregulates auxin and ethylene biosyn-
thesis in rice seedlings to modify primary metabolism and root architecture. 
Planta. 2019;250:333–45.

59. Soleymanzadeh R, Iranbakhsh A, Habibi G, Ardebili ZO. Selenium nanopar-
ticle protected strawberry against salt stress through modifications in 

salicylic acid, ion homeostasis, antioxidant machinery, and photosynthesis 
performance. Acta Biologica Cracov s Bot 2020, 62(1).

60. Petretto GL, Urgeghe PP, Massa D, Melito S. Effect of salinity (NaCl) on plant 
growth, nutrient content, and glucosinolate hydrolysis products trends in 
rocket genotypes. Plant Physiol Biochem. 2019;141:30–9.

61. Giordano M, Petropoulos SA, Rouphael Y. Response and defence mechanisms 
of vegetable crops against drought, heat and salinity stress. Agriculture. 
2021;11(5):463.

62. Proietti P, Nasini L, Del Buono D, D’Amato R, Tedeschini E, Businelli D. 
Selenium protects olive (Olea europaea L.) from drought stress. Sci Hort. 
2013;164:165–71.

63. Semida WM, Abd El-Mageed TA, Abdelkhalik A, Hemida KA, Abdurrahman 
HA, Howladar SM, Leilah AA, Rady MO. Selenium modulates antioxidant activ-
ity, osmoprotectants, and photosynthetic efficiency of onion under saline soil 
conditions. Agronomy. 2021;11(5):855.

64. Elkelish AA, Soliman MH, Alhaithloul HA, El-Esawi MA. Selenium protects 
wheat seedlings against salt stress-mediated oxidative damage by up-
regulating antioxidants and osmolytes metabolism. Plant Physiol Biochem. 
2019;137:144–53.

65. Shekari L, Kamelmanesh M, Mozafarian M, Sadeghi F. Beneficial effects of 
selenium on some morphological and physiological trait of hot pepper 
(Capsicum Anuum). J Hortic Sci. 2016;29(4):594–600.

66. Pattanayak GK, Tripathy BC. Overexpression of protochlorophyllide 
oxidoreductase C regulates oxidative stress in Arabidopsis. PLoS ONE. 
2011;6(10):e26532.

67. Ahanger MA, Agarwal R. Salinity stress induced alterations in antioxi-
dant metabolism and nitrogen assimilation in wheat (Triticum aestivum 
L) as influenced by potassium supplementation. Plant Physiol Biochem. 
2017;115:449–60.

68. Khan MIR, Asgher M, Khan NA. Alleviation of salt-induced photosynthesis and 
growth inhibition by salicylic acid involves glycinebetaine and ethylene in 
mungbean (Vigna radiata L). Plant Physiol Biochem. 2014;80:67–74.

69. Aazami MA, Rasouli F, Ebrahimzadeh A. Oxidative damage, antioxidant 
mechanism and gene expression in tomato responding to salinity stress 
under in vitro conditions and application of iron and zinc oxide nanoparticles 
on callus induction and plant regeneration. BMC Plant Biol. 2021;21(1):597.

70. Yang H, Yang X, Ning Z, Kwon SY, Li M-L, Tack FM, Kwon EE, Rinklebe J, Yin R. 
The beneficial and hazardous effects of selenium on the health of the soil-
plant-human system: an overview. J Hazard Mater. 2022;422:126876.

71. Zhao Y, Xu W, Wang L, Han S, Zhang Y, Liu Q, Liu B, Zhao X. A maize necrotic 
leaf mutant caused by defect of coproporphyrinogen III oxidase in the 
porphyrin pathway. Genes. 2022;13(2):272.

72. Hussain S, Ahmed S, Akram W, Li G, Yasin NA. Selenium seed priming 
enhanced the growth of salt-stressed Brassica rapa L. through improving 
plant nutrition and the antioxidant system. Front Plant Sci. 2023;13:1050359.

73. Zahedi SM, Moharrami F, Sarikhani S, Padervand M. Selenium and silica 
nanostructure-based recovery of strawberry plants subjected to drought 
stress. Sci Rep. 2020;10(1):17672.

74. Ozturk M, Turkyilmaz Unal B, García-Caparrós P, Khursheed A, Gul A, Hasanuz-
zaman M. Osmoregulation and its actions during the drought stress in plants. 
Physiol Plant. 2021;172(2):1321–35.

75. Sikder RK, Wang X, Zhang H, Gui H, Dong Q, Jin D, Song M. Nitrogen 
enhances salt tolerance by modulating the antioxidant defense system 
and osmoregulation substance content in Gossypium hirsutum. Plants. 
2020;9(4):450.

76. Nawaz F, Ashraf M, Ahmad R, Waraich E, Shabbir R, Bukhari M. Supplemental 
selenium improves wheat grain yield and quality through alterations in bio-
chemical processes under normal and water deficit conditions. Food Chem. 
2015;175:350–7.

77. Põldma P, Moor U, Tõnutare T, Herodes K, Rebane R. Selenium treatment 
under field conditions affects mineral nutrition, yield and antioxidant proper-
ties of bulb onion (Allium cepa L). Acta Scientiarum Polonorum Hortorum 
Cultus. 2013;12(6):167–81.

78. Jeong M-J, Lim D-S, Kim SO, Park C, Leem S-H, Lee H, Kim G-Y, Jeong S-J, Choi 
YH. Protection of oxidative stress-induced DNA damage and apoptosis by 
rosmarinic acid in murine myoblast C2C12 cells. Biotechnol Bioprocess Eng. 
2022;27(2):171–82.

79. Danouche M, El Ghachtouli N, El Baouchi A, El Arroussi H. Heavy metals 
phycoremediation using tolerant green microalgae: enzymatic and non-
enzymatic antioxidant systems for the management of oxidative stress. J 
Environ Chem Eng. 2020;8(5):104460.



Page 16 of 16Fatahiyan et al. BMC Plant Biology          (2025) 25:100 

80. Rady MM, Desoky E-SM, Ahmed SM, Majrashi A, Ali EF, Arnaout SM, Selem 
E. Foliar nourishment with nano-selenium dioxide promotes physiology, 
biochemistry, antioxidant defenses, and salt tolerance in Phaseolus vulgaris. 
Plants. 2021;10(6):1189.

81. Rehman S, Chattha MU, Khan I, Mahmood A, Hassan MU, Al-Huqail AA, Salem 
MZ, Ali HM, Hano C, El-Esawi MA. Exogenously applied trehalose augments 
cadmium stress tolerance and yield of mung bean (Vigna radiata L.) grown 
in soil and hydroponic systems through reducing cd uptake and enhanc-
ing photosynthetic efficiency and antioxidant defense systems. Plants. 
2022;11(6):822.

82. Rasool A, Hafiz Shah W, Padder SA, Tahir I, Alharby HF, Hakeem KR, ul Rehman 
R. Exogenous selenium treatment alleviates salinity stress in Proso Millet 
(Panicum miliaceum L.) by enhancing the antioxidant defence system and 
regulation of ionic channels. Plant Growth Regul. 2023;100(2):479–94.

83. Møller IM, Jensen PE, Hansson A. Oxidative modifications to cellular compo-
nents in plants. Annu Rev Plant Biol. 2007;58(1):459–81.

84. Azevedo H, Amorim-Silva V, Tavares RM. Effect of salt on ROS homeostasis, 
lipid peroxidation and antioxidant mechanisms in Pinus pinaster suspension 
cells. Ann for Sci. 2009;66(2):1–9.

85. Gill SS, Tuteja N. Reactive oxygen species and antioxidant machin-
ery in abiotic stress tolerance in crop plants. Plant Physiol Biochem. 
2010;48(12):909–30.

86. Shekari F, Abbasi A, Mustafavi SH. Effect of silicon and selenium on enzymatic 
changes and productivity of dill in saline condition. J Saudi Soc Agricultural 
Sci. 2017;16(4):367–74.

87. Ingold I, Berndt C, Schmitt S, Doll S, Poschmann G, Buday K, Roveri A, Peng 
X, Freitas FP, Seibt T. Selenium utilization by GPX4 is required to prevent 
hydroperoxide-induced ferroptosis. Cell. 2018;172(3):409–22. e421.

88. Bybordi A. Influence of zeolite, selenium and silicon upon some agronomic 
and physiologic characteristics of canola grown under salinity. Commun Soil 
Sci Plant Anal. 2016;47(7):832–50.

89. Kamran M, Parveen A, Ahmar S, Malik Z, Hussain S, Chattha MS, Saleem MH, 
Adil M, Heidari P, Chen J-T. An overview of hazardous impacts of soil salinity 
in crops, tolerance mechanisms, and amelioration through selenium supple-
mentation. Int J Mol Sci. 2019;21(1):148.

90. Li J, Zhou X, Wei B, Cheng S, Zhou Q, Ji S. GABA application improves 
the mitochondrial antioxidant system and reduces peel browning in 
‘Nanguo’pears after removal from cold storage. Food Chem. 2019;297:124903.

91. Huang C, Qin N, Sun L, Yu M, Hu W, Qi Z. Selenium improves physiological 
parameters and alleviates oxidative stress in strawberry seedlings under low-
temperature stress. Int J Mol Sci. 2018;19(7):1913.

92. Ulhassan Z, Huang Q, Gill RA, Ali S, Mwamba TM, Ali B, Hina F, Zhou W. 
Protective mechanisms of melatonin against selenium toxicity in Brassica 
napus: insights into physiological traits, thiol biosynthesis and antioxidant 
machinery. BMC Plant Biol. 2019;19:1–16.

93. Shabala S, Pottosin I. Regulation of potassium transport in plants under 
hostile conditions: implications for abiotic and biotic stress tolerance. Physiol 
Plant. 2014;151(3):257–79.

94. Khan MIR, Iqbal N, Masood A, Mobin M, Anjum NA, Khan NA. Modulation 
and significance of nitrogen and sulfur metabolism in cadmium challenged 
plants. Plant Growth Regul. 2016;78:1–11.

95. Arif MR, Islam MT, Robin AHK. Salinity stress alters root morphology and root 
hair traits in Brassica napus. Plants. 2019;8(7):192.

96. Jiang C, Zu C, Lu D, Zheng Q, Shen J, Wang H, Li D. Effect of exogenous 
selenium supply on photosynthesis, Na+ accumulation and antioxidative 
capacity of maize (Zea mays L.) under salinity stress. Sci Rep. 2017;7(1):42039.

97. Jawad Hassan M, Ali Raza M, Khan I, Ahmad Meraj T, Ahmed M, Abbas Shah 
G, Ansar M, Afzal Awan S, Khan N, Iqbal N. Selenium and salt interactions in 
black gram (Vigna mungo L.): ion uptake, antioxidant defense system, and 
photochemistry efficiency. Plants. 2020;9(4):467.

98. Hawrylak-Nowak B, Matraszek R, Pogorzelec M. The dual effects of two 
inorganic selenium forms on the growth, selected physiological parameters 
and macronutrients accumulation in cucumber plants. Acta Physiol Plant. 
2015;37:41.

99. Alkhatib R, Abdo N, Mheidat M. Photosynthetic and ultrastructural proper-
ties of eggplant (Solanum melongena) under salinity stress. Horticulturae. 
2021;7(7):181.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	Enhancing salt stress tolerance in Carthamus tinctorius L. through selenium soil treatment: anatomical, biochemical, and physiological insights
	Abstract
	Introduction
	Materials and methods
	Time and location of the experiment
	Seed germination
	Greenhouse study
	Growth parameters
	Anatomical studies
	Ion concentration analysis
	Relative water content (RWC)
	Soluble carbohydrates
	Photosynthetic pigments
	H2O2 and MDA content
	Statistical analysis

	Results
	Germination parameters



