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A B S T R A C T 

Drought stress is considered as a main restriction to have the best potential crops performance 
in arid and semi-arid regions in the world. Hence, some mechanistic strategies are required to 
manage drought stress detrimental influences. Silicon as an essential mineral nutrient, plays 
an important role in physiology, metabolism, and function of crops exposed to drought stress. 
This study was carried out to evaluate the influences of various irrigation regimes and silicon 
foliar on three safflower cultivars to find the optimal irrigation level and silicon fertilizer. 
Three levels of irrigation (0, 2 and 4 times irrigation during growth) were main plots and sub 
plots were three silicon foliar levels (0, 1 and 2 mM) and three safflower cultivars (Goldasht, 
Padideh and Golmehr). This experiment was performed in Firouzabad city, Fars Province, Iran 
with latitude 28°51' N and longitude 52°36' E, during 2018 and 2019. Malondialdehyde content 
(MDA), polyphenol oxidase (PPO), superoxide dismutase (SOD) and ascorbate peroxidase (APX), 
oil yield, oil content and seed yield were measured on these cultivars. Interactive effects of 
irrigation, silicon and cultivars were significant (p<0.01) for MDA, APX, oil yield and oil 
content. Drought stress in the all safflower cultivars caused a decline in seed yield, oil content 
and oil yield. On the other hands, silicon was mediated to decrease effect of drought stress 
and increased amount of seed yield, oil content, oil yield, PPO and SOD. The highest seed and 
oil yield were observed in Goldasht cultivar under full irrigation and 2mM silicon. Thus, it can 
be suggested that 1 mM of silicon foliar may ameliorate the performance of safflower exposed 
to drought stress. 
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Introduction 

Safflower (Carthamus tinctorius L.), a member of the 

Asteraceae family, is one of the important cultivated crops 

with high quality edible oil which is partially tolerated to arid 

and semi-arid zones [1]. Total content of safflower seed oil is 

approximately 27–32%, which includes oleic, linoleic and 

linolenic acids [2]. Furthermore, safflower is utilized for 

coloring and flavoring foods, herbal medicine, and fodder [3].  

Drought is one of the major abiotic stresses restricting 

crop yield and leads to little yield in many grain crops exposed 

to stress during vegetative to grain fill growth.  

* Corresponding author: bazrafshan2005@yahoo.com 

However, crops are sensitive to drought stress during 

reproductive growth stage and yields will be impacted during 

this period [4]. Safflower with valuable agronomic properties 

can be considered as a suitable alternative crop in dryland 

agro-ecosystems. Several commercially cultivars of safflower 

which have tolerance to drought is available as substitute 

agronomic crops [5].  

Safflower has the same nutrient requirements as winter 

cereal such as barley and wheat. However, this plant in 

comparison with other annual crops has a longer growth 

period. Deep root system of safflower is an advantage in this 

plant compared to winter cereal which allows safflower to 

absorb nutrients and water from deeper layer of the soil. 
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While, longer growth period, is a weakness of this plant in 

arid and semi-arid zone, which can negatively reduce the 

seed yield. Because of high evapotranspiration rate, lower 

precipitation and limited access to water in this regions, 

study on effects of water-deficit stress can help to find or 

improve appropriate methods for ameliorate crop yield [6]. 

Developing drought-tolerant varieties, using of suitable 

fertilizers and ameliorating the soil water holding capacity 

are effective strategies to enhance productivity [7].  

Silicon is the second greatest abundant element after 

oxygen on the earth’s crust (28.2 vs 48.4) on a weight basis 

[8], and it has been affirmed to have various valuable 

influences on plant growth [9]. Aggregation of silicon 

improves crop resistance to various abiotic stress, including 

metal toxicity, salinity, and ultraviolet irradiation, and biotic 

stress due to pests and pathogens [10]. Deleterious effects of 

drought stress can be also decline by application of silicon in 

rice, sorghum, and wheat [11-13]. These positive effects of 

silicon on these crops exposed to drought stress are related 

to an improved water use efficiency [11] and 

evapotranspiration rate by a restriction in the loss of water, 

decreased electrolyte leakage and oxidative damage, and 

enhanced overall photosynthetic performance and biomass 

yield [14]. 

A complex of enzymatic and non-enzymatic mechanisms, 

such as antioxidants production and reactive oxygen species 

(ROS) scavenging enzymes, including superoxide dismutase 

(SOD), ascorbate peroxidase (APX) and polyphenol oxidase 

(PPO) is a clear response strategy to deal with oxidative 

stress. Consequently, these physiological activities could 

increase potential of plant to tolerate abiotic and biotic 

stresses [15]. 

The aim of this study was to evaluate the influences of 

various irrigation regimes and silicon on three safflower 

cultivars to find the appropriate irrigation level and silicon 

fertilizer requirements by measurement of Malondialdehyde 

content (MDA), PPO, APX, SOD, oil yield, oil content and 

yield. 

 

Materials and Methods 

The fields are distributed in Firouzabad city, Fars 

Province, Iran with latitude 28°51' N and longitude 52°36' E. 

A split plot factorial experiment based on randomized 

complete blocks design with three replicates was carried out 

at 2018 and 2019. Main plots were three levels of irrigation 

(0, 2 and 4 times during growth) and sub plots were three 

silicon foliar application levels (0, 1 and 2 mM) and three 

safflower cultivars (Goldasht, Padideh and Golmehr). 

Irrigation levels were considered as follow: Control group was 

irrigated four times at stemming, budding, flowering, seeding 

stage, moderate drought stress was irrigated two times 

(stemming and budding stages), and in severe drought stress, 

crop relied on rainfed condition. Treflan herbicide (2.5 L ha-

1) was used to control the weeds. Soil analysis was carried out 

and mineral nutrition contents were presented in Table 1. 

Urea (300 Kg ha-1), super phosphate (100 Kg ha-1), and 

potassium sulfate (50 Kg ha-1) were applied to the soil. 

 

Table 1. Physicochemical properties of the research station 

soil 

Manga

nese 

Potassi

um 

Phosph

orus 

Cu Fe pH Soil 

Depth 

ppm (cm) 

4.96 441 5.22 3.8

9 

5.0

5 

7.2

4 

0-45 

Structure Salinity Sand Silt Cla

y 

Sampling 

Depth 

(dS/m) % (cm) 

Clay loam 0.414 30 31 39 0-45 

 

Malondialdehyde Content  

The MDA content was assessed by homogenizing of 200 

mg leaf samples in 10% trichloroacetic acid. Then, 

Supernatant was filtrated and heated in 0.25% thiobarbituric 

acid. Absorbance at 532 nm wavelength was used to record 

the MDA content [16]. 

 

Polyphenol Oxidase 

Extractions were performed by homogenizing of 100 mg 

fresh leaf in a cold mortar in 1 ml of 50 mM Na-phosphate 

buffer (pH 7) containing 2% polyvinylpyrroli, 2 mM EDTA, 50 

mM Tris-HCl, 0.2% triton X100 and 2 mM a-dithiothreitol for 

15 minutes. These extractions were immediately applied to 

evaluation of enzyme activities. 

The PPO activity was evaluated by mixture of 2.5 ml of 

200 mM sodium phosphate buffer (pH 6.8), 200 µl of 20 mM 

pyrogallol and 50 µl of enzymes extract at 40°C [17]. The 

increase in absorbance was detected at 430 nm wavelength 

using a spectrophotometer U-1800 (Hitachi, Japan). The PPO 

activity was expressed as 1 µM of pyrogallol oxidized per 

minutes per mg protein. 

 

Ascorbate Peroxidas  

The APX activity was calculated according to the method 

of Nakano with some modifications [18]. Briefly, 50 µl of 

enzyme extract was mixed to 3 ml of 50 mM Na-phosphate 

buffer (pH 7.8) containing 100 µl of 5 mM ascorbate and 4.51 

µl of H2O2 (30%). The decrease in absorbance at 290 nm 

wavelength was monitored every 30 seconds for 2 minutes. 

The APX activity was defined as nanomole of H2O2 

decomposed per mg of protein per minute. 

 

Superoxide Dismutase  

The SOD activity was measured according to 

Giannopolitis and Riess with some modifications [19]. 50 µM 

nitro-blue tetrazolium chloride, 1.3 µM riboflavin, 75 µM 

EDTA,13 mM methionine, and 50 mM phosphate buffer were 

mixed in 50 µL of each sample and irradiated under light at 

78 µmol m−2s−1 for 15 minutes. Finally, each sample was 

recorded at 560 nm wavelength. 
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Oil content and Oil Yield 

Oil content was determined using a time-domain nuclear 

magnetic resonance in an SLK-SG-200 spectrometer (Spin 

Lock Magnetic Resonance Solutions, Malagueno, Córdoba, 

Argentina) at room temperature [20]. Results were 

mentioned on a dry basis (% DB). Oil yield (kg ha-1) was 

calculated by multiplying oil content with seed yield. 

 

Statistical Analysis  

A general linear model (GLM) was used for data analysis 

using the GLM procedure in SAS v. 9.1 software. Means were 

compared by Duncan multiple range test at P < 0.05. Data 

from each growing year was analyzed separately. Bartlett test 

was used to evaluate the homogeneity of variances before 

running the combined analyses.  

 

Results and Discussion 

The combined analysis of variances indicated that year 

had not significant effect on all evaluated traits in the 

safflower (Table 2). While, drought stress condition, Silicon 

treatment, and different cultivars had significant effect on 

all evaluated traits, (p<0.01, Table 2). 

 

 

Table 2. Combined analysis of variance for plant traits in different irrigation regimes, silicon foliar and safflower cultivars 

SOV df Mean square 

Seed yield MDA PPO APX SOD Oil yield Oil content 

Year 1 71871 ns 1.32 ns 0.01 ns 0.67 ns 0.15 ns 60.78 ns 51.98 ns 

Rep(Year) 4 12478 453.89 11.00 77.27 21.87 1775.17 101.94 

Drought  2 88931** 13211.56** 17.23** 131.77** 31.30** 7512.96 ** 116.53 ** 

Year×drought 2 26619 ns 5.72ns 0.03ns 0.18ns 0.38ns 149.81ns 49.79* 

Error a 8 7562 7.08 0.30 1.49 0.25 34.54 10.20 

Silicon 2 37401* 213.95** 1.31** 40.06** 2.31** 2479.20 ** 87.80 ** 

Year×Silicon 2 27768 ns 20.04ns 0.14ns 0.65ns 0.06ns 35.43ns 9.26 ns 

Drought ×Silicon 4 19947 ns 33.01** 0.04ns 5.87** 0.86* 5611.46 ** 22.81 * 

Year×drought ×Silicon 4 22509 ns 15.34ns 0.05ns 0.06ns 0.21ns 133.97** 22.85 * 

cultivar 2 61.83** 1118.68** 0.33* 16.37** 2.29** 20775.84 ** 23.56* 

Year×Cultivar 2 27201 ns 1.79ns 0.03ns 2.52ns 0.01ns 11.71ns 14.88ns 

Drought ×cultivar 4 19947 ns 87.69** 0.05ns 7.76** 1.63** 709.71 ** 43.94** 

Year×drought ×cultivar 4 20627 ns 2.37ns 0.23* 0.61ns 0.04ns 130.23** 20.95ns 

Silicon×cultivar 4 18134 ns 40.78** 0.01ns 9.29** 0.29ns 7170.11 ** 27.40* 

Year×Silicon×cultivar 4 26181 ns 4.66ns 0.16ns 0.06ns 0.22ns 37.18ns 16.16ns 

Drought ×silicin×cultivar 8 16774 ns 24.75** 0.03ns 6.08** 0.17ns 4085.95 ** 51.30** 

Year× drought ×silicon×cultivar 8 16887 ns 4.16ns 0.04ns 0.33ns 0.21ns 92.69** 19.48* 

Error b 96 11334 8.49 0.07 0.87 0.27 18.45 8.65 

ns, *and** show no significant and significant at 5 and 1% statistically level 

Seed Yield 

Drought stress reduced the seed yield by 19.64%, in 

comparison to normal irrigated group (Table 3). Also, seed 

yield was increased by 20.59% when applying 1 mM silicon 

foliar treatment. However, the highest seed yield was 

observed in by applying 2 mM silicon in Goldasht cultivar 

under full irrigation condition (Fig. 1). 
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Figure 1. Interaction effect of different irrigation regimes, silicon foliar and safflower cultivars on seed yield. Mean values with the 

same letters are not significantly different at P ≤ 0.05 according to duncan test. 

 

Drought stress leads to reduce in seed yield either by 

limiting the amount of water soluble nutrient during grain 

filling, or by number of decreasing the grains per plant [21]. 

Furthermore, drought stress leads to stomatal closure and a 

restriction in carbon dioxide uptake which is related to a 

reduction in photosynthesis. These events, subsequently, 

cause a decline in seed yield [22]. This finding was in line with 

those obtained by some researchers [23, 24]. It has been 

demonstrated that foliar sprays of silicon increased the seed 

by directly effect on plant biomass, grain set and 1000 grain 

weight. In addition, silicon can lead to delay in leaf 

senescence and sustain the leaf photosynthetic activities 

through grain filling [25]. 

 

Malondialdehyde Content (MDA)  

In the present study, MDA content (as a lipid peroxidation 

marker) was mainly increased by drought stress. The highest 

MDA content was observed in severe drought stress (Table 3). 

MDA content was also increased in all cultivars exposed to 

drought stress (Fig. 2). MDA content was decreased by 

applying 1 mM and 2 mM of silicon (Table 3). Regarding three 

ways interaction among drought, silicon and cultivar, the 

highest level of MDA content was detected in Goldasht 

cultivar exposed to drought stress and non-application of 

silicon. Moreover, the lowest MDA content was reported in 

Golmehr cultivar which treated by 2mM of silicon under 

normal condition. (Fig. 2). 
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Figure 2. Interaction effect of different irrigation regimes, silicon foliar and safflower cultivars on Malondialdehyde content (MDA). 

Mean values with the same letters are not significantly different at P ≤ 0.05 according to duncan test. 

 

MDA content is usually applied for evaluation of crops 

sensitivity to oxidative stress. Enhancing MDA content by 

drought stress could be the result of ROS aggregation and lipid 

peroxidation. [26]. Alleviating the levels of MDA content in 

groups exposed to drought using exogenously application of 

silicon may be due to a reducing in the detrimental effects of 

this stress by ROS scavenging and antioxidative defense of cell 

membranes stability and photosynthetic system [27]. This 

finding was in line with those obtained by Yao et al. (2011), 

who showed that silicon decreases the MDA content in wheat 

crop exposed to drought stress [28].  

PPO 

PPO activity was enhanced by application of 2mM silicon 

and drought stress condition (Table 3). The lowest PPO 

activity belonged to Goldasht cultivar under normal irrigation 

condition without silicon treatment, however, no significant 

differences were observed among the other treatments when 

compared in this irrigation condition (Fig 3). 

 

 

Table 3. Main effects comparison in studied traits  

  Seed yield MDA PPO APX SOD Oil yield Oil content 

irrigation 0 time during growth 226.46 c 47.85 a 2.75 a 11.35 a 3.69 a 63.19 c 28.34 b 

2 times during growth 242.74 b 29.26 b 2.18 b 9.84 b 2.80 b 71.15 b 29.48 b 

4 times during growth 281.83 a 16.77 c 1.62 c 8.22 c 2.17 c 86.40 a 31.25 a 

silicon 0 mM 220.09 c 33.59 a 2.01 b 10.80 a 2.65 b 65.76 b 30.00 a 

1 mM 277.19 b 30.05 b 2.23 a 9.26 b 3.01 a 77.68 a 28.29 b 

2 mM 253.75 a 30.24 b 2.31 a 9.35 b 3.00 a 77.30 a 30.79 a  

cultivars Goldasht 330.98 a 36.50 a 2.10 b 10.42 a 3.12 a 95.05 a 28.93 b 

Padideh 229.74 b 28.05 c 2.26 a 9.36 b 2.72 b 69.08 b 30.14 a 

Golmehr 190.31 c 29.33 b 2.20 ab 9.63 b 2.82 b 56.60 c 30.00 ab 
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Figure 3. Interaction effect of different irrigation regimes, silicon foliar and safflower cultivars on polyphenol oxidase (PPO). Mean 

values with the same letters are not significantly different at P ≤ 0.05 according to duncan test 

 

A cascade of events occurs in plants exposed to drought 

stress. First, generation of ROS will be increased, second, 

levels of antioxidant systems and antioxidants will be 

promoted, and then improves ROS scavenging capacity, and 

tolerance to drought stress [12]. Although in drought stress 

condition, oxidative damage will be increased by the 

generation of ROS, antioxidant enzymes play pivotal role to 

protect the plant against ROS. PPO enzyme is a part of 

protective mechanism to alleviate oxidative damage. 

Augmenting activity of PPO enzyme under drought stress 

condition could be the result of increased ROS generation. It 

has been demonstrated that activity of SOD and PPO were 

increased in wheat exposed to drought stress [29] which is 

consistent with our results.  

Silicon nanoparticles are capable to increase the 

activities of PPO as a reaction to drought stress. Silicon by 

inducing the activity of antioxidant enzymes involved in 

defense mechanism, improves the reaction of plants to biotic 

and abiotic stresses [30]. 

 

 

 

SOD 

The maximum SOD activity was obtained in crops exposed 

to severe drought stress during growth. Also, application of 

silicon in both dosages, had significantly highest SOD activity 

over the control group. In addition, SOD at Goldasht cultivar 

was highest activity over the other groups (Table 3). The 

highest SOD activity was recorded in Goldasht cultivar 

exposed to drought stress and treated by 1 or 2 mM silicon 

(Fig. 4).  
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Figure 4. Interaction effect of different irrigation regimes, silicon foliar and safflower cultivars on superoxide dismutase (SOD). 

Mean values with the same letters are not significantly different at P ≤ 0.05 according to duncan test 

 

When plants are subjected to biotic and abiotic stresses, 

free radicals such as superoxide and peroxide, which are 

harmful to plant growth will be increased. SOD as an 

antioxidant enzyme is the first line of defense and quenches 

superoxide radicals to hydrogen peroxide in various cell 

compartments [31]. Drought stress mainly increased the SOD 

activity in leaves to prevent oxidative damage; hence, a 

concurrent increase in activity of antioxidant enzymes helps 

to an alleviation of detrimental influences of hydrogen 

peroxide under drought stress. These results are in line with 

study of Soleimanzadeh et al. (2010) in sunflower [32]. 

Accumulating evidence suggests that silicon mediated a 

rise in the SOD activity and antioxidant defense capacity, 

ameliorated chloroplast ultrastructure and membrane 

integrity, which leads to preserve the contents of 

photosynthetic pigments under drought stress and decrease 

of oxidative damage [12]. 

 

 

 

APX 

Data showed that APX was significantly enhanced by 

drought stress (Table 3). Moreover, the difference among 

cultivars was significant for APX activity. The Goldasht 

cultivar had higher APX activity when compared to other 

cultivars (Table 3). While, application of silicon in three 

cultivars, decreased the APX activity in comparison to non-

silicon-treated cultivars. Among the non-silicon-treated 

cultivars, Goldasht showed a higher APX activity in both 

normal and stressed conditions (Fig. 5). 
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Figure 5. Interaction effect of different irrigation regimes, silicon foliar and safflower cultivars on ascorbate peroxidase (APX). 

Mean values with the same letters are not significantly different at P ≤ 0.05 according to duncan test 

 

Although the activity of antioxidant enzymes enhances 

during drought stress condition [33], Gong et al. (2005) 

reported a reduction in antioxidant enzymes in wheat 

exposed to drought stress [12]. It seems that impacts of 

drought stress on the antioxidant enzymes are related to the 

stage and time of water deficit, species of plant, and cultivars 

[34]. In this study, APX was enhanced under drought stress 

condition in both years. this result was in line with previous 

findings by Cheng et al. (2018) [35]. 

APX scavenges cellular hydrogen peroxide through the 

ascorbate-glutathione cycle [36]. Thus, in the drought 

tolerant crops, increase in APX activity may be an adaptive 

system to overcome the oxidative damages. 

 

Oil Content and Oil Yield 

A decrease in oil content and yield of safflower was 

observed in gropes under moderate and severe drought stress. 

Oil yield was enhanced in safflower seeds by application of 

silicon. Results showed that the effect of irrigation on oil 

content was not significant. The lowest oil content was 

obtained from Goldasht cultivar. While, this cultivar had the 

highest oil yield in comparison two other cultivars (Table 3). 

Goldasht and Padideh cultivars by application 1mM silicon and 

Golmehr cultivar by application 2mM silicon at drought stress 

condition had lowest Oil content (Fig. 6). The highest oil yield 

in full irrigation was obtained by application of 2mM silicon in 

Goldasht cultivar (Fig. 7). 
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Figure 6. Interaction effect of different irrigation regimes, silicon foliar and safflower cultivars on oil content. Mean values with 

the same letters are not significantly different at P ≤ 0.05 according to duncan test 

 

  
Figure 7. Interaction effect of different irrigation regimes, silicon foliar and safflower cultivars on oil yield. Mean values with the 

same letters are not significantly different at P ≤ 0.05 according to duncan test 
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Reduction in oil content under these levels of drought 

stress may be related to the decline in seed capacity for 

aggregation of oil, or increase oil oxidation such as some 

polyunsaturated fatty acids in seeds under drought stress 

after physiological maturity [37, 38]. This decline could be 

also associated with a limitation in accessibility of 

carbohydrates for oil synthesis in crops exposed to drought 

stress. The decrement in oil yield under drought stress was 

the consequence of the decrease in seed yield [39].  

 

Conclusions 

Our examination revealed that drought stress drastically 

decreased the seed and oil yield, and increased MDA, PPO, 

APX and SOD. Results showed that silicon can decline the 

deleterious effect of drought stress and increased amount of 

seed yield, oil content, oil yield, PPO and SOD. The best 

performance for almost all evaluated traits, was obtained 

under full irrigation with applying 2 mM of silicon foliar. Our 

study suggests that application of 1 mM of silicon foliar can 

improve the performance of safflower exposed to drought 

stress.  

 

References 

Emongor, V. (2010). Safflower (Carthamus tinctorius L.) the 
underutilized and neglected crop: a review. Asian 
Journal of Plant Sciences, 9(6): 299-306. 

Gecgel, U., Demirci, M., Esendal, E., and Tasan, M. (2007). 
Fatty acid composition of the oil from developing 
seeds of different varieties of safflower (Carthamus 
tinctorius L.). Journal of the American Oil Chemists' 
Society, 84(1): 47-54. 

Hussain, M.I., Lyra, D.A., Farooq, M., Nikoloudakis, N., and 
Khalid, N. (2016). Salt and drought stresses in 
safflower: a review. Agronomy for sustainable 
development, 36(1): 4.  

Mirshekari, M., Majnounhosseini, N., Amiri, R., Moslehi, A., 
and Zandvakili, O.R. (2012). Effects of sowing date 
and limited irrigation water stress on spring safflower 
(Carthamus tinctorius L.) quantitative traits. 

Kephart, K., Murray, G., and Auld, D. (1990). Alternate crops 
for dryland production systems in Northern Idaho, 
Advances in new crops. Proceedings of the first 
national symposium'New crops: research, 
development, economics', Indianapolis, Indiana, USA: 
62-67. 

Asadzade, N., Moosavi, S.G., and Seghatoleslami, M.J. (2015). 
Effect of low irrigation and Zn and SiO2 nano-
fertilizers and conventional fertilizers on 
morphophysiological traits and seed yield of 
sunflower. In Biological Forum, 7(1): 357-364. 

Murungweni, C., Van Wijk, M.T., Smaling, E.M.A., and Giller, 
K.E. (2016). Climate-smart crop production in semi-
arid areas through increased knowledge of varieties, 
environment and management factors. Nutrient 
Cycling in Agroecosystems, 105(3): 183-197. 

Wedepohl, K.H. (1995). The composition of the continental 
crust. Geochimica et cosmochimica Acta, 59(7):          
1217-1232.  

Ma, J.F., and Takahashi, E. (2002). Fertilizer and Plant Silicon 
Research in Japan. JF Ma, E. Takahashi. 

Mihara, C., Chang, X., Sugiura, Y., Makabe-Sasaki, S., and 
Watanabe, A. (2017). Relationship between plant-
available silicon and reducible iron in irrigated paddy 
soils. Soil Science and Plant Nutrition, 63(1): 67-74.  

Epstein, E. (2009). Silicon: its manifold roles in plants. Annals 
of applied Biology, 155(2): 155-160.  

Gong, H., Zhu, X., Chen, K., Wang, S., and Zhang, C. (2005). 
Silicon alleviates oxidative damage of wheat plants in 
pots under drought. Plant Science, 169(2): 313-321. 

Hattori, T., Inanaga, S., Araki, H., An, P., Morita, S., Luxová, 
M., and Lux, A. (2005). Application of silicon enhanced 
drought tolerance in Sorghum bicolor. Physiologia 
Plantarum, 123(4): 459-466. 

De Camargo, M.S., Bezerra, B.K.L., Vitti, A.C., Silva, M.A., 
and Oliveira, A.L. (2017). Silicon fertilization reduces 
the deleterious effects of water deficit in 
sugarcane. Journal of soil science and plant 
nutrition, 17(1): 99-111.  

Zafari, M., Ebadi, A., Jahanbakhsh, S., and Sedghi, M. (2020). 
Safflower (Carthamus tinctorius) biochemical 
properties, yield, and oil content affected by 24-
epibrassinosteroid and genotype under drought 
stress. Journal of agricultural and food 
chemistry, 68(22): 6040-6047. 

De Vos, C.H.R., Schat, H., De Waal, M.A.M., Vooijs, R., and 
Ernst, W.H.O. (1991). Increased resistance to copper‐
induced damage of the root cell plasmalemma in 
copper tolerant Silene cucubalus. Physiologia 
Plantarum, 82(4): 523-528. 

Raymond, J., Rakariyatham, N., and Azanza, J.L. (1993). 
Purification and some properties of polyphenoloxidase 
from sunflower seeds. Phytochemistry, 34(4):           
927-931. 

Nakano, Y., and Asada, K. (1987). Purification of ascorbate 
peroxidase in spinach chloroplasts; its inactivation in 
ascorbate-depleted medium and reactivation by 
monodehydroascorbate radical. Plant and cell 
physiology, 28(1): 131-140. 

Giannopolitis, C.N., and Ries, S.K. (1977). Superoxide 
dismutases: I. Occurrence in higher plants. Plant 
physiology, 59(2): 309-314.  

Colnago, L.A., Azeredo, R.B.V., Marchi Netto, A., Andrade, 
F.D., and Venâncio, T. (2011). Rapid analyses of oil 
and fat content in agri‐food products using continuous 
wave free precession time domain NMR. Magnetic 
Resonance in Chemistry, 49: S113-S120. 

Prasad, P.V.V., Staggenborg, S.A., and Ristic, Z. (2008). 
Impacts of drought and/or heat stress on 
physiological, developmental, growth, and yield 
processes of crop plants. Response of crops to limited 
water: Understanding and modeling water stress 
effects on plant growth processes, 1: 301-355. 

Wallender, W.W., and Tanji, K.K. (2011). Agricultural salinity 
assessment and management, American Society of 
Civil Engineers (ASCE). 

Janmohammadi, M., Mohamadi, N., Shekari, F., Abbasi, A., 
and Esmailpour, M. (2017). The effects of silicon and 
titanium on safflower (Carthamus tinctorius L.) growth 



Sadeghi, M., Bazrafshan, F., Zare, M., Alizadeh, O. and Amiri, B.  (2021). Alınteri Journal of Agriculture Sciences                 
36(1): 142-152 

 

152 

under moisture deficit condition. Acta Agriculturae 
Slovenica, 109(2): 443-455. 

Shahrokhnia, M.H., and Sepaskhah, A.R. (2017). Physiologic 
and agronomic traits in safflower under various 
irrigation strategies, planting methods and nitrogen 
fertilization. Industrial Crops and Products, 95:          
126-139.  

Janmohammadi, M., Amanzadeh, T., Sabaghnia, N., and Ion, 
V. (2016). Effect of nano-silicon foliar application on 
safflower growth under organic and inorganic fertilizer 
regimes. Botanica Lithuanica, 22(1): 53-64.  

Li, Z., Peng, Y., Zhang, X.Q., Pan, M.H., Ma, X., Huang, L.K., 
and Yan, Y.H. (2014). Exogenous spermidine improves 
water stress tolerance of white clover ('Trifolium 
repens' L.) involved in antioxidant defence, gene 
expression and proline metabolism. Plant Omics, 7(6): 
517-526. 

El-Serafy, R.S., and El-Sheshtawy, A.A. (2017). Improving 
seed germination of Althaea rosea L. under salt stress 
by seed soaking with silicon and nano silicon. Egyptian 
Journal of Plant Breeding, 21: 764-777. 

Yao, X., Chu, J., Cai, K., Liu, L., Shi, J., and Geng, W. (2011). 
Silicon improves the tolerance of wheat seedlings to 
ultraviolet-B stress. Biological trace element 
research, 143(1): 507-517. 

Khalilzadeh, R., Seyed Sharifi, R., and Jalilian, J. (2016). 
Antioxidant status and physiological responses of 
wheat (Triticum aestivum L.) to cycocel application 
and bio fertilizers under water limitation 
condition. Journal of Plant Interactions, 11(1):           
130-137.  

Pandey, H.C., Baig, M.J., Chandra, A., and Bhatt, R.K. (2010). 
Drought stress induced changes in lipid peroxidation 
and antioxidant system in genus Avena. Journal of 
Environmental Biology, 31: 435-440.  

Hegedüs, A., Erdei, S., and Horváth, G. (2001). Comparative 
studies of H2O2 detoxifying enzymes in green and 
greening barley seedlings under cadmium stress. Plant 
science, 160(6): 1085-1093. 

Soleimanzadeh, H., Habibi, D., Ardakani, M.R., Paknejad, F., 
and Rejali, F. (2010). Effect of potassium levels on 
antioxidant enzymes and malondialdehyde content 
under drought stress in sunflower (Helianthus annuus 
L.). American Journal of Agricultural and Biological 
Sciences, 5(1): 56-61. 

Zlatev, Z.S., Lidon, F.C., Ramalho, J.C., and Yordanov, I.T. 
(2006). Comparison of resistance to drought of three 
bean cultivars. Biologia Plantarum, 50(3): 389-394. 

Reddy, A.R., Chaitanya, K.V., and Vivekanandan, M. (2004). 
Drought-induced responses of photosynthesis and 
antioxidant metabolism in higher plants. Journal of 
plant physiology, 161(11): 1189-1202. 

Cheng, L., Han, M., Yang, L.M., Li, Y., Sun, Z., and Zhang, T. 
(2018). Changes in the physiological characteristics 
and baicalin biosynthesis metabolism of Scutellaria 
baicalensis Georgi under drought stress. Industrial 
Crops and Products, 122: 473-482.  

Bowler, C., Montagu, M.V., and Inze, D. (1992). Superoxide 
dismutase and stress tolerance. Annual review of 
plant biology, 43(1): 83-116. 

Mohammadi, M., Ghassemi‐Golezani, K., Chaichi, M.R., and 
Safikhani, S. (2018). Seed oil accumulation and yield 
of safflower affected by water supply and harvest 
time. Agronomy Journal, 110(2): 586-593. 

Ghassemi-Golezani, K., and Afkhami, N. (2018). Safflower 
productivity and oil yield affected by water limitation 
and nanofertilizers. Journal of Biodiversity and 
Environmental Sciences (JBES), 12(5): 425-431. 

Ashrafi, A., and Razmju, C. (2014). Effect of seed priming and 
irrigation on grain yield, biological yield, oil and 
protein content of seeds of different varieties of 
safflower (Carthamus tinctorius L.). Journal of 

Agricultural Research and Development, 103: 61-68. 


