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Abstract 

Recently the use of plant products instead of chemical materials is one of the most important needs of the 
modern civilization in terms of human health. Drought stress during growth and seed maturation is one of 
the major environmental constraints, which influences seed grain filling and consequential germination and 
early growth stages of plants. In this study, the impact of foliar application of micronutrients (control, Zn, Fe, 
Zn + Fe, nano-Zn, nano-Fe, and nano-Zn + nano-Fe) were evaluated on quinoa at 2 reproductive stages (50% 
and 100% of flowering stage) under 2 levels of drought stress (50% and 85% of depletion of soil moisture 
content). Results revealed that germination traits including germination percentage, and seed technological 
parameters such as germination value and germination energy, antioxidant enzymes activities, and 
chlorophyll (Chl) content were significantly affected by foliar application of micronutrients, time of 
micronutrient spraying, and drought stress level. The correlation results showed that 1000- grain weight had 
a positive and significant relationship with grain filling period, physiological maturity, germination percentage 
(GP), and germination speed (GS). Drought stress also increased the antioxidant enzymes activities of catalase 
(CAT) and peroxidase (POD) in all nutrient treatments. Drought stress at seed formation stage had a 
significant effect on seed filling and its weight and could decrease seed germination rate. It was concluded 
that application of nano-Zn + nano-Fe in 50% flowering stage could promote the germination performance, 
seedling growth, and the antioxidant capacity under drought stress conditions. 
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________________________________________________________________________________

Introduction  

Chenopodium species have been used by humans 
for centuries and contain high protein and 

balanced amino acid spectrum with high lysine 
(5.1-6.4) and methionine (0.4-1.0%). 
Chenopodium album as a leafy vegetable and 
Chenopodium quinoa and C. album are of great 
interest for human consumption or animal feed 
(Prakash and Pal, 1998; Bhargava et al., 2003). 
Chenopodium quinoa is a native of the Andean 
region and is nowadays known as a pseudo cereal 
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(Cusack, 1984; Koziol, 1993; Repo-Carrasco et al., 
2003; Jacobsen, 2003).  

Food production is decreasing due to the 
detrimental effects of various biotic and abiotic 
stresses; therefore, minimizing these losses is a 
major concern to ensure food security under the 
changing climate. Drought, being the most 
important environmental stress, severely impairs 
plant growth and development and limits the crop 
performance more than any other environmental 
factor (Shao et al., 2009). Its negative effects have 
been addressed on growth, yield, membrane 
integrity, pigment content, osmotic adjustment 
water relations, and photosynthetic activity 
(Benjamin and Nielsen, 2006; Praba et al., 2009). 

Drought stress is affected by climatic, edaphic, and 
agronomic factors. The susceptibility of plants to 
drought stress varies depending on the degree of 
stress, different accompanying stress factors, 
plant species, and their developmental stages 
(Demirevska et al., 2009).  Acclimation of plants to 
water deficit is the result of different events, 
which leads to adaptive changes in plant growth 
and physio-biochemical processes, such as 
changes in plant structure, growth rate, tissue 
osmotic potential, and plants’ antioxidant defense 
(Duan et al., 2007). It has become imperative to 
elucidate the responses and adaptation of crops to 
water deficit, and take actions to improve the 
drought resistance ability of crop plants and to 
ensure higher crop yields against unfavorable 
environmental stresses.  

Nutrient deficiency and diet-related issues are the 
main cause of death on the earth while this can be 
prevented by sustainably supplying nutrients and 
finding solutions to malnutrition (Graham et al., 
2007). Human body needs 51 essential nutrients, 
and a short supply or lack of even one of them can 
cause metabolic problems resulting in poor 
health, sickness, and economic and social costs to 
the community (Graham et al., 2007; Singh et al., 
2018; Branca and Ferrari, 2002; Golden, 1991).  

Zinc and iron microelements play a salient role in 
the vital processes of plants such as metabolism, 
transpiration rate, photosynthesis, dysfunction of 
relevant enzymes, reducing nutrient absorption, 
plant wilting, imbalanced water relations, and 

crop quality and quantity (Afsahi et al., 2020; 
Prasad, 2004; Dhir et al., 2011; Fageria, 2016). 
Foliar application of micronutrients on numerous 
occasions, while eliminating their deficiencies, 
also enhances the quantitative and qualitative 
yield of the plant (Whitty and Chambliss, 2005). 
Besides, the policy of various governments world-
wide, including those of the European Union (EC, 
2007) had deeply prohibited the overuse of 
agrochemical inputs, pushing to assume 
alternative and sustainable strategies. One of 
most innovative and sustainable strategies to 
overcome the problem of micronutrient 
deficiency in alkaline soil is converting the 
required salts into nano-forms and spraying them 
as foliar fertilizers on plants or coating the 
nanofertilizers with nano-materials to control 
nutrient release (Rashid and Ryan, 2004). Green 
synthesized nanofertilizers can be defined as 
nano-nutrients synthesized from plant and/or 
microorganism materials, which are believed to be 
an improvement over applying chemical materials 
that leave hazardous compounds in the 
environment (Thakur et al., 2018). In the 
agriculture arena, nanotechnology can provide 
environmental friendly strategy to remediate 
water and soils, thus promoting world food 
production and quality (Prasad et al., 2014; 
Sekhon, 2014). In this regard, foliar application of 
nano formulation micronutrient is also considered 
more proper than the land application, because of 
its potential to quickly overcome the deficiency, 
ease of applying, minimization of the toxicity 
resulting from accumulation of micronutrient, and 
avoiding the immobilization of trace elements in 
the soil (Dhir et al., 2011; Elanchezhian, 2017).  

Quinoa is resistant to drought and salinity and is a 
valuable dietary food as is gluten free, and as a 
medicinal plant, it also contributes to the health of 
the community. Given the high nutritional value of 
its grain, World Food Organization compares it to 
milk powder (Schoenlechner et al., 2010).  

Generally, because seeds from different flowers 
are produced under different environmental 
conditions and/or at different positions on the 
mother plant, it is reasonable to expect them to 
differ in their germination responses. 
Micronutrient supplementation in quinoa 
production is of growing interest to producers and 



                                           Foliar application of nano-Iron and nano-Zinc in drought-stressed quinoa 4155 

 

agronomists as a means to further increase yield. 
Despite many studies carried out on mineral 

nutrient absorption during grain filling period, 
many aspects of foliar fertilization on seedling 
performance are still unknown. This study was an 
attempt to investigate foliar application, spraying 
time, and drought stress during seed maturation 
on germinability, stand establishments, and early 
seedling growth of quinoa. 

Materials and Methods 

Field practice, spraying and treatments 

This study was conducted in the Research Farm of 
Shahed University, Iran in 2018 (34° 35'_N, 51° 
8'_E, 1050 m ASL). In the experiment, Fe and Zn 
were supplied from sources of iron (II) sulfate 
heptahydrate (FeSO4.7H2O, 4 g/L) and zinc sulfate 
heptahydrate (ZnSO4.7H2O, 3 g/L), respectively. 
Nanoforms of iron (FeO) and zinc (zink oxide) were 
also used in the 1 g/L. The treatments were 7 
levels of foliar application (control, Zn, Fe, Zn + Fe, 
nano-Zn, nano-Fe, and nano-Zn + nano-Fe) at 2 
time (50% and 100% flowering stage) and 2 levels 
of drought stress, 50% (control) and 85% (stress) 
moisture discharge. The foliar application was 
done at 50% flowering and full flowering stages. 
These micronutrients were sprayed on the plants 
in pots by a manual pump sprayer until run-off. 
Tween 20 (0.01 %, v/v) was added to all spray 
solutions as the surfactant to improve the foliar 
uptake. Plants treated with distilled water were 
utilized as controls. For morphophysiological 
evaluations, healthy, impurity-free seeds 
harvested from the mother plant were stored in 
paper bags in the dark at 4 ℃. 

Phenological stages and weight of 1000- grains 
weight 

During the growing season, phenological stages 
such as grain filling period and physiological 
maturity were recorded according to 
the Zadoks scale (Zadoks et al., 1974). The 1000- 
grain weight of quinoa seeds was also measured 
using a digital scale with an accuracy of one 
thousandth of a gram. 

Procedure and seed germination test 

The seeds’ germination assay was carried out at 
the Seed Science and Technology Laboratory of 
Agricultural College, Shahed University of Tehran, 
Iran in 2018. The germination test was performed 
based on a completely randomized design (CRD) 
with four replications. To conduct the 
germination, quinoa seeds were sterilized in 70% 
(v/v) ethanol for 1 min and 20% (v/v) sodium 
hypochlorite solution for 15 min before they were 
rinsed three times with sterile distilled water 
(Hajihashemi and Ehsanpour, 2013). Then, 50 
seeds were placed in Petri dishes with 5 ml of 
distilled water and were wrapped with 
impermeable Parafilm to avoid the loss of 
moisture and evaporation. Subsequently, all 
dishes were transferred to a programmed 
germination chamber at 23 ± 2 ℃, 16/8 h 
light/darkness and 75% relative humidity (Liopa-
Tsakalidi et al., 2012). The germinated seeds were 
daily counted. The seeds whose radicles were 2 
mm long or more were considered as germinated 
seeds (ISTA, 2010). Eventually, at the end of the 
germination period (14 days), germination 
percentage, germination rate, mean germination 
time, seedling vigor index, and germination value 
were calculated based on the equations presented 
in Table 1. After two weeks of growth, the 

Table 1  
Equations used in the study to calculate germination parameters in the experiment 

Parameters Formula Reference 

Germination Percentage GP = (N × 100)/M Liopa-Tsakalidi et al., 2012  

Germination Speed GS  = Σ Ni / Ti Mangure, 1962  

Germination value GV = GP × MDG Czabator, 1962   

Germination Energy  GE=(Ni*/N)×100 Mangure, 1962   

N: the sum of germinated seeds at the end of the experiment, M: the total number of planted seeds, n: the number of germinated 
seeds at time D, T: throughout the germination period, Ti: number of days after germination, MDG: mean daily germination, Ni*: 
seed number at germination peak. 

 

 



 4156 Iranian Journal of Plant Physiology, Vol (12), No (2) 

 

seedlings from each replicate were collected, 
immediately frozen in liquid nitrogen, and stored 
in an ultra-low freezer at -80 ℃ for subsequent 
physiological studies. 

Chlorophyll and carotenoid contents 

Half a gram (0.5 g) fresh leaf tissues were ground 
in 5 ml of 80% (v/v) acetone with the help of a 
mortar and pestle. The suspension was 
centrifuged at 6,000 g for 10 min at 4 ℃. 
Absorbance of the solution was then measured at 
645 and 663 for chlorophylls and at 470 for 
carotenoid. The chlorophyll and carotenoid 
contents were determined using the formula 
given (Arnon, 1967) and the following formula: 

Chlorophyll a (mg/g fresh weight) = [19. 3 (A663)  - 
0. 86 (A645)] v/100w 

Chlorophyll b (mg/g fresh weight) = [19. 3 (A645)   - 
3. 6 (A663)] v/100w 

Total chlorophyll (mg/g fresh weight) = [20. 8 (A645) 
+ 8. 02 (A663)] v/100w 

Carotenoids = [(100 (A470) - 3. 27 (mg chl a) - 104 
(mg chl b)]/227 

A = absorption of light at wavelengths of 663, 645, 
and 470 nm 

V = the volume of the upper solution in centrifuges 

W = weight of the sample in grams 

Antioxidant enzymes assay 

To evaluate the activity of antioxidant enzymes, 
0.5 g of frozen samples were homogenized in 5 mL 
of cool extraction buffer, 50 mM potassium 
phosphate buffer (pH = 7.5), containing 1 mM 
ethylenediaminetetraacetic acid (EDTA), 1 mM 
dithiothreitol (DTT) and 2% (w/v) polyvinyl 
pyrrolidine (PVP)). The homogenate was 
centrifuged at 15,000 × g for 25 min and the 
obtained supernatant was used as the enzyme 
source for CAT and POD assays. The whole 
extraction process was done at ℃. 

The CAT activity (EC.1.11.1.6) was assayed 
according to the method of Chance and Maehly 
(1955), which is briefly described here. The 

reaction mixture consisted of 50 mM sodium 
phosphate buffer (pH = 7.0), 15 mM H2O2, and 25 
μL of the enzyme extract in a total volume of 3 mL. 
The absorbance at 240 nm for 1 min at 25 ℃ was 
recorded spectrophotometrically. One unit of CAT 
was defined as the amount of enzyme that 
decomposes 1 μM of H2O2 per min. 

The POD activity (EC 1.11.1.7) was determined 
following the method of MacAdam et al. (1992) 
with some modification. In this method, the 
enzymatic activity was assayed by adding 50 μL of 
enzyme extract to the reaction mixture (3 mL), 
containing 0.1 M potassium phosphate buffer (pH 
6.0), 50 μL guaiacol, and 50 μL H2O2 (3%), and 
absorption alterations were immediately recorded 
at 436 nm for 3 min per 15 s by a 
spectrophotometer. The control contained 3 mL of 
0.1 M potassium phosphate buffer, 50 μL guaiacol 
and 50 μL H2O2. 

 Statistical Analysis 

After checking the data distribution normality 
(Kolmogorov-Smirnov and Shapiro-Wilk test) 
assumption, the data were statistically analyzed 
by the Statistical Analysis System software (SAS 
Institute, Cary, NC, USA, Version 9.4). The 
differences among means were separated using 
the least significant difference test (LSD) at 0.05 
statistical probability levels. To determine the 
correlation coefficients and regression analysis, 
statistical package for social science software 
(SPSS, Version 25) was used. 

Results 

Germination percentage (GP), speed (GS), value 
(GV), and energy (GE) 

Drought stress, nutrient application, and time of 
foliar spraying had significant effects (P≤0.01) on 
germination percentage (GP), speed (GS), value, 
and energy (Table 2). Analysis of the main effects 
showed that the maximum GP, GS, GV, and GE 
were related to control condition (no drought 
stress), spaying at 50% flowering, and treatment 
with nano-Zn + nano-Fe nutrients (Table 3). As 
shown in Table 2, the germination energy (GE) was 
significantly (P≤0.01) affected by the interaction of 
drought × foliar spraying time, foliar spraying time 
× nutrients, and drought × foliar spraying time × 



                                           Foliar application of nano-Iron and nano-Zinc in drought-stressed quinoa 4157 

 

nutrients. Furthermore, the interaction of drought 
× foliar spraying time had significant effect on all 
seed germination indices of quinoa. 

The main effects of the treatments (Table 3) 
showed that the maximum GE was achieved in 
without drought stress treatment (0.018), 50% 

flowering (0.018), and nano-Zn + nano-Fe nutrient 
(0.019). The interaction of the treatments showed 
that the highest GE was related to nano-Zn + nano-
Fe nutrient at 50% flowering stage without 
drought stress conditions (Fig. I). 

Chlorophylls and carotenoid contents 

According to the results (Table 4), the effect of 
drought stress, foliar application time, and 
nutrient treatments, as well as the interaction of 
drought × foliar application time × nutrients on 

chlorophyll a, b, and total chlorophyll and also 

Table 2 
 Analysis of variance for the effect of drought stress, micro-nutrients, and foliar spraying time on quinoa seed germination indices 

S.O.V Df 

Mean square 

GP   GS GV GE 

Drought 1 165.14** 41.29** 590635.89** 0.00** 
 Foliar spraying time 1 302.29** 75.57** 1072510.37** 0.00** 
Nutrients 6 214.62** 53.65** 749692.06** 0.00** 
Drought × Foliar spraying time 1 5.14* 1.29* 22402.85* 0.00** 
Drought × Nutrients 6 0.14ns 0.04ns 587.71ns 0.00ns 
Foliar spraying time × Nutrients 6 1.29ns 0.32ns 4583.80ns 0.00** 
Drought × Foliar spraying time × Nutrients 6 0.14ns 0.036ns 570.79ns 0.00** 

Experimental error 84 1.05 0.261 3726.00 0.00 

Coefficient of variation (%) - 1.14 1.15 2.29 1.62 

ns, *, and **: non-significant, significant at 5%, and 1%, respectively; df: degrees of freedom; GP: Germination Percentage, GS: 
Germination Speed, GV: Germination Value, GE: Germination Energy 

 
Table 3    
 Mean comparison of the effects of foliar application of micronutrients at different times on seed germination indices of quinoa 
under drought stress conditions  

Characteristics GP (%) GS   GV  GE  

 (seed/day)  

Drought stress 

Control 90.57a 45.29a 2739.71a 0.018a 

Stress 88.14b 44.07b 2594.47b 0.018b 

Foliar spraying time     

50%  flowering 91.00a 45.50a 2764.95a 0.018a 

100%  flowering 87.71b 43.86b 2569.24b 0.017b 

Micro-nutrients     

Control 83.75e 41.88e 2339.83f 0.016e 

Zn 85.75d 42.88d 2452.83e 0.017d 

Fe 87.75c 43.87c 2568.50d 0.017c 

Zn + Fe 91.75b 45.88b 2807.83b 0.018b 

Nano-Zn 91b 45.50b 2761.33c 0.018b 

Nano-Fe 91.75b 45.88b 2807.83b 0.018b 

Nano- Zn + Nano- Fe 93.75a 46.88a 2931.50a 0.019a 

In each column, means having at least one same letter are not significantly different according to Duncan's multiple range test 
(p≤0.05). GP: Germination Percent, GS: Germination Speed, GV: Germination Value, GE: Germination Energy 
 
  
 

 

Fig. I. The effect of foliar application of micronutrients at 
different times on seed germination energy of quinoa 
under drought stress conditions (LSD 5%= 1.29); Bars 
represent ± SE. 
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carotenoid contents were significant (p≤0.01). As 
shown in Table 5, the maximum content of 
chlorophyll a (29.81), b (23.95), total (53.75) and 
carotenoids (2442.96) were related to no drought 
stress, 50% flowering, and treatment with nano-
Zn + nano-Fe spraying. Also interaction of the 
treatments (Table 6) showed the highest 
chlorophyll a, b, total chlorophyll and carotenoid 
contents were obtained in N-Zn + N-Fe nutrient 
treatment at 50% flowering stage without drought 
stress. Also, the lowest chlorophyll a, b, total 
chlorophyll, and carotenoid contents were 
observed in nutrient control treatment at 100% 
flowering stage under drought stress condition 
(Table 6). 

Antioxidant enzymes activities 

The effects of drought stress, foliar application 
time, and nutrient treatments were significant 
(p≤0.1) on the activity of CAT and POD enzymes 
(Table 4).  The main effects showed that the 
highest activity of CAT and POD were observed in 
drought stress condition, at 50% flowering stage, 
and application of Zn + Fe and nano-Zn + nano-Fe 
(Table 5).  

Phenological stages  

The effect of drought stress, foliar spraying time, 
nutrient treatments, and their interactions on the 
physiological maturity and grain filling period were 
significant (p≤0.01) as shown in Table 7. The 
highest period of physiological maturity (107.1 
day) and grain filling (52.11 day) were related to 

Table 4   
Analysis of variance for the effect of foliar application of micronutrients at different times on chlorophyll and carotenoids 
content and    antioxidant enzyme activities of quinoa under drought stress conditions 

 

Table 5   
Mean comparison of the effects of foliar application of micronutrients at different times on chlorophyll and carotenoid contents 
and also antioxidant enzyme activities of quinoa under drought stress conditions 
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control treatment (without drought stress), 50% 
flowering stage, and nano-Zn + nano-Fe treatment 
(Table 8). The interaction effects of treatment 
showed that the highest physiological maturity 

and grain filling period were recorded in nano-Zn 
+ nano-Fe nutrients at 50% flowering stage, and 
under control treatment (without drought stress) 
while the lowest maturity was observed in 

Table 6  
Effect of foliar application of micronutrients at different times on chlorophyll and carotenoid contents and also antioxidant 
enzyme activities of quinoa under drought stress conditions 
  

 
In each column, means having at least one same letter, are not significantly different according to Duncan's multiple range test 
(p≤0.05). 
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nutrient control group at 100% flowering stage 
under drought stress conditions (Table 9).  

1000- grain weight 

Drought stress, nutrient spraying, and spraying 
time had significant effects (p≤0.01) on 1000- 
grain weight (Table 7). As shown in Table 7, the 
interaction effects of drought stress × spraying 
time, drought stress × nutrient spraying, and 
spraying time × nutrient spraying, and drought 
stress × nutrients spraying × spraying time had 
significant effects on 1000- grain weight trait (p≤ 
0.01). Maximum 1000- grain weight was observed 
in no drought stress (control), 50% flowering 

stage, and nano-Fe + nano-Zn nutrient application 
(Table 8).  The infraction effect of treatments 

indicated that the highest 1000- grain weight was 
related to nano-Zn + nano-Fe nutrient application 
at spraying time of 50% flowering stage under no 
drought stress conditions. Also, the lowest 1000- 
grain weight was observed in no nutrient 
application at 100% flowering stage under drought 
stress conditions (Fig. II). 

Correlation 

Correlation results showed that 1000-grain weight 
had a positive and significant relationship with 
grain filling period, physiological maturity period, 

Table 8 
Mean comparison of the effects of drought stress, micronutrients, and foliar spraying time on quinoa characteristics 
 

Characteristics Physiological maturity (day) Grain filling period (day) 1000- grain weight (g) 

Drought stress    

Control 107.1a 52.11a 3.10a 

Stress 91.1b 36.11b 2.32b 

 Foliar time    

 Flowering 50% 103.5a 48.54a 2.81a 

 Flowering100% 94.7b 39.68b 2.61b 

Nutrients    
Control 95.0g 40.00g 1.77g 

Zn 97.3f 42.25f 2.52f 

Fe 98.3e 43.25e 2.66e 

Zn + Fe 101.3b 46.25b 3.02b 

N- Zn 99.3d 44.25d 2.81d 

N- Fe 100.3c 45.25c 2.92c 

N- Zn +N- Fe 102.5a 47.50a 3.27a 

In each column, means having at least one same letter are not significantly different according to Duncan's multiple range test 
(p≤0.05). 

 

Fig. II. The 1000- grain weight in micronutrients and foliar application time under drought stress conditions of quinoa (LSD 5%= 
1.29); bars represents ± SE. 
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GP, and GS. Also, grain filling and physiological 
maturity period had a positive and significant 
relationship with GP and GS while having a 

negative and significant relationship with CAT and 
POD (Table 10). 

 

Table 9  
Effect of different micronutrients and foliar time under drought stress conditions of quinoa on physiological maturity and grain 
filling period 
 

Characteristics Physiological maturity  Grain filling period  

Drought stress Foliar time Nutrients (day) 

 

 

 

 
 
Control 
 

 

 

 

 
 
 

 Flowering 50% 

Control 106.3g 51.25g 

Zn 110.3f 55.25f 

Fe 111.3e 56.25e 

Zn +  Fe 114.3b 59.25b 

N- Zn 112.3d 57.25d 

N-  Fe 113.3c 58.25c 

N- Zn + N- Fe 116.3a 61.25a 

   
 

Flowering  
100% 

Control 99.3n 44.25n 

Zn 100.3m 45.25m 

Fe 101.3l 46.25l 

Zn +  Fe 104.3t 49.25t 

N- Zn 102.3k 47.25k 

N- Fe 103.3j 48.25j 

N- Zn + N- Fe 105.3h 50.25h 

 

 

 

 

Stress  

 
 
 

 Flowering 50% 

Control 91.3u 36.25u 

Zn 93.3t 38.25t 

Fe 94.3s .39.25s 

Zn +  Fe 97.3p 42.25 p 

N- Zn 95.3r 40.25r 

N- Fe 96.3q 41.25q 

N- Zn + N- Fe 98.3o 43.25o 

 
 
 

 Flowering 100% 

Control 83.3b 28.25b 

Zn 85.3a 30.25a 

Fe 86.3z 31.25z 

Zn +  Fe 89.3w 34.25w 

N- Zn 87.3y 32.25y 

N- Fe 88.3x 33.25x 

N- Zn + N- Fe 90.3v 35.25v 

In each column, means having at least one same letter are not significantly different according to Duncan's multiple range test 

(p≤0.05). 

Table 10   
Correlations between 1000-grain weight grain filling period, physiological maturity period, CAT, POD, GP, and GS of quinoa 
plants under study 

 1000-grain 
weight (g) 

Grain filling 
period (day) 

Physiological 
maturity (day) 

CAT 
(mg/g.Fw) 

POD 
(mg/g.Fw) 

GP (%) 
 

GS  
(seed/day) 

1000-grain weight (g) 1       

Grain filling period (day) 0.80** 1      

Physiological maturity (day) 0.80** 1.00** 1     

CAT -0.12ns -0.31** -0.31** 1    

POD -0.19 -0.50** -0.50** 0.82** 1   

GP (%) 0.84** 0.65** 0.65** 0.22* 0.20 1  

GS 0.84** 0.65** 0.65** 0.22* 0.20 1.00** 1 
** and *: significant correlations at 0.01 and 0.05; ns: no significant correlation 
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Discussion 

The purpose of this study was to investigate the 
effect of drought stress on some seed germination 
and physiological characteristics of quinoa seeds 
produced from their mother plant under drought 
stress as well as their seedlings. In recent years, 
drought stress is known as an important 
environmental factor which seriously impacts the 
productivity of many crops and can retard their 
growth and development (Lipiec et al., 2013). The 
results of our study showed that water restriction 
imposed by drought stress on mother plant had 
significant effects on seed germination rate. Also, 
the seed germination indices of quinoa were 
affected by the deleterious effects of drought, so 
that GP, GS, GV, and GE significantly decreased 
under drought stress (Table 3).  

The poor and erratic germination might be 
attributed to the lower water uptake by seeds and 
the elevation of ROS levels under water deficiency 
(Kaya et al., 2006); this leads to impaired transfer 
of nutrients to the seeds and consequently less 
food storage in them. It has been reported that 
under stress conditions, the alteration of some 
enzymes and hormones found in the seed could 
lead to the reduction in final germination (Botía et 
al., 1998). These results are consistent with the 
findings presented in previous research in other 
plants (Patane et al., 2013; Zaher- Ara et al., 2016). 

In our study, total Chl content significantly 
diminished under drought stress as compared to 
the control conditions or without drought stress. 
The reduction of Chl content has been considered 
as a usual symptom of oxidative stress due to 
water stress (Fathi and Barari, 2016) and could be 
due to damage to the chloroplast membrane 
(Madany and Khalil, 2017). It has already been 
reported that drought stress reduced chlorophyll 
content, whereas nutrients treatments minimized 
the deleterious effects of stress conditions 
(Hussain et al., 2017; Madany and Khalil, 2017). Zn 
is an essential element for Chl synthesis, pollen 
function, and germination (Cakmak, 2008). It has 
been reported that Zn element by the protection 
of the sulfhydryl group keeps the Chl content 
(Latef et al., 2017). Fe is an essential element 
required for the maintenance of chloroplast 
structure and is involved in Chl synthesis (Rout and 

Sahoo, 2015; Naghdi-Badi, 2018). The limitation of 
this element has a remarkable effect on the 
productivity of photosynthetic organisms (Tewari 
et al., 2013). 

This study showed that due to water restriction in 
the quinoa mother plant, the activity of 
antioxidant enzymes such as CAT and POD in 
quinoa seedlings increased. CAT and POD are most 
important antioxidant enzymes that protect plants 
against cell oxidative damages caused by drought 
and other environmental stresses (Shams Peykani 
and Farzami Sepehr, 2018). Plants have enzymatic 
and nonenzymatic antioxidant mechanisms to 
deal with oxidative stress caused by reactive 
oxygen species. Superoxide dismutase radically 
converts superoxide to hydrogen peroxide and is 
converted into water by ascorbate peroxidase in 
chloroplasts (Omidi, 2010; Dashab and Omidi, 
2021). 

Increased enzymatic activity, as seen in our study, 
has been considered as a part of seed strategy to 
scavange free radicals (Chiu et al., 2005). In this 
study, nano-Zn + nano-Fe had a positive effect on 
increasing the activity of these enzymes (Table 5). 
Also, ROS production has been reported under 
both normal and stress conditions, and the 
increase in ROS production in response to drought 
stress is due to oxidative stress (Sharma et al., 
2012). Plants usually have several defensive 
mechanisms to overcome the oxidative stress 
(Lipiec et al., 2013), which include enzymatic and 
non-enzymatic antioxidants as well as reparation 
systems that orchestrate stress signaling and block 
the adverse effects of ROS (Demidchik, 2015). CAT 
and POD are described to be two of the most 
important antioxidant enzymes that protect plants 
against oxidative damages in cell caused by 
drought and other environmental stresses (Huang 
et al., 2016). These enzymes play an important 
role in scavenging H2O2 (Hussain et al., 2016). 

Grain filling period is a determining factor in grain 
yield and performance. Increasing the duration of 
this period makes it possible to transfer more 
assimilates from the source (photosynthetic 
organ) to the sink (grain) and thus increase grain 
yield. Asseng et al., (2003) stated that the relative 
contribution of remobilization to the yield in 
grains under different environmental conditions 
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depends largely on source/sink interactions during 
grain filling. In favorable environmental conditions 
where photosynthesis is sufficient and as a result, 
access to resources is enough, there is a necessary 
coordination between the source and the sink and 
the source material is stored in the sink in an 
appropriate amount.  But in conditions of 
environmental stress, lack of access to nutrients 
may upset the balance of the source and the sink, 
and in such cases, the sink capacity is greater than 
that of the source (Seyed-Sharifi and Haydari 
Siahkhalaki, 2016). Also, regarding the effect of 
foliar application of Fe on grain yield, it is noted 
that Fe in the photosynthesis process plays an 
important role in the oxidation and reduction 
processes due to the presence of proteins such as 
cytochromes and ferredoxins (grain., 2020). In our 
study, drought stress and spraying micronutrients 
on mother plant were effective in verifying 
differential responses for attributes related to 
germination.  Nanomaterial recently has been 
used widely in various scientific areas as 
medicinal, pharmaceutical, physical, and 
agricultural science (Duhan et al., 2017). These 
materials have been employed in several 
agriculture practices due to their efficiency in 
plant protection and nutrition (Iavicoli et al., 
2017). Zinc plays a key role in many physiological 
and biochemical processes in plant cells, including 
protein synthesis, membrane function, and the 
expression of plant genes. This metal component 
acts as a regulatory element for many enzymes, 
and plays a major role in plant defense systems 
against stress conditions (Cakmak, 2000; Reis et 
al., 2018), For example, Aboutalebian and Nazari 
(2017) mentioned that application of ZnSO4 
increased the activity of SOD, POD, and CAT 
enzymes in canola under chilling stress. Fe also is 
well known as an important co-factor for many 
antioxidant enzymes such as CAT and POD 
(Kusvuran et al., 2016). Ruiz et al. (2000) reported 
that the activities of the CAT and POD enzymes 
were correlated with the Fe content of leaves. In 
the present study, drought stress during the grain 
filling stage not only reduced the germination 
percentage, but also slowed down the speed of 

the process. According to Table 10, restrictions on 
water access due to drought stress have reduced 
grain filling time (Seyed-Sharifi, 2018) and 
certainly have a significant and often reducing 
effect on most morphological and physiological 
traits (Amiri et al., 2013; Abdoli and Saeedi, 2013). 
The damage caused by drought stress during the 
reproductive stage is evident in the form of 
reducing the number of seeds and 1000-seed 
weight (Rahman et al., 2009). Photosynthesis and 
plant growth are affected by drought stress, but 
lant growth is even more affected by drought 
stress and increases with the stop of 
photosynthetic production (Maali-Amiri et al., 
2007; Chen et al., 2011).  

Conclusions 

In general, this study indicated that drought stress 
condition at grain filling period had inhibitory 
effects on all germination indices of the produced 
quinoa seeds. Foliar application of zinc and iron on 
the mother plant under drought stress conditions 
significantly increased germination indices, 
chlorophyll content, and antioxidant activities of 
the seedlings. Foliar application of zinc and iron at 
50% flowering stage of the mother plant improved 
the drought tolerance of quinoa seedlings by 
increasing the activity of CAT and POD enzymes. 
Overall, the results showed that foliar application 
of zinc and iron at 50% flowering stage on quinoa 
plants could improve drought tolerance of 
seedlings. However, confirmatory trials under field 
conditions are required over several years to 
ensure that the studied treatments improve 
seedling emergence and vegetative growth of 
quinoa as well as its resistance to drought stress in 
the field. 

Acknowledgements 

The authors are thankful to colleagues in the 
Central Laboratory of the Shahed University, for 
their help with field management and chemical 
analysis. 

 

References



 4164 Iranian Journal of Plant Physiology, Vol (12), No (2) 

 

Abdoli, M  and M. Saeidi. 2013. 'Effects of water 
deficiency stress during seed growth on 
yield and its components, germination 
and seedling growth parameters of some 
wheat cultivars'. International Journal of 
Agriculture and Crop Sciences, 4 (15): 
1110-1118. 

Aboutalebian, M and S. Nazari. 2017. 'Seedling 
emergence and activity of some 
antioxidant enzymes of canola (Brassica 
napus) can be increased by seed priming'. 
Journal of Agricultural Science, 155 (10): 
1541-1552.  

Afsahi, K., M. Nazari, H. Omidi, F.  Shekari and A. 
A. Bostani. 2020. 'The effects of different 
methods of zinc application on canola 
seed yield and oil content'. Journal of 
Plant Nutrition, 43 (8): 1-20.  

Amiri, R., S. Bahraminejad and S. Sasani. 2013. 
'Evaluation of genetic diversity of bread 
wheat genotypes based on physiological 
traits in non-stress and terminal drought 
stress conditions'. Cereal Research, 2 (4): 
289-305. 

Arnon, A. 1967. 'Method of extraction of 
chlorophyll in the plants'. Agronomy 
Journal, 23: 112-121. 

Asseng, S and A. F. Van Herwaarden. 2003. 
'Analysis of the benefits to wheat yield 
from assimilates stored prior to grain 
filling in a range of environments'. Plant 
and Soil, 256: 217–239.  

Benjamin, J. G and D. C, Nielsen. 2006. 'Water 
deficit effects on root distribution of 
soybean, field pea and chickpea'. Field 
Crops Research, 97: 248-253.  

Bhargava, A., S. Shukla and D. Ohri. 2003. 'Genetic 
variability and heritability of selected 
traits during different cuttings of 
vegetable Chenopodium'. Indian 
Journal of Genetics and Plant Breeding, 63 
(4): 359–360 .  

Botía, P., M. Carvajal, A. Cerda and V. Martínez. 
1998. 'Response of eight Cucumis melo 
cultivars to salinity during germination 
and early vegetative growth'.  Agronomie, 
18 (8-9): 503-513. 

Branca, F and M. Ferrari. 2002. 'Impact of 
micronutrient deficiencies on growth: The 

stunting syndrome '. Annals of Nutrition 
and Metabolism, 46: 8–17. 

Cakmak, I. 2000. 'Possible roles of zinc in 
protecting plant cells from damage by 
reactive oxygen species'. The New 
Phytologist, 146 (2): 185-205.  

Cakmak, I. 2008. 'Enrichment of cereal grains with 
zinc: agronomic or genetic bio 
fortification'. Plant and Soil, 302 (1-2): 1-
17.  

Chance, B  and A. C. Maehly. 1955. 'Assay of 
Catalases and Peroxidases. In: Colowick, 
N. O., and S. P. Kaplan, eds. Methods 
Enzymology'. Academic Press, New York.  

Chiu, K. Y., C. L. Chen and J. M. Sung. 2005. ' Why 
10 °C temperature primed sh-2 sweet corn 
seeds have better storability: some 
physiological clues '. Seed Science 
Technology, 33: 199-213.  

Dashab. D., and H. Omidi. 2021. ' Effects of hydro- 
and bio-priming on some physiological 
and biochemical characteristics of quinoa 
(Chenopodium quinoa) seedlings under 
drought stress'. Iranian Journal of Plant 
Physiology, 11(3): 3659-3670 

Demidchik, V. 2015. 'Mechanisms of oxidative 
stress in plants: from classical chemistry to 
cell biology'. Environmental and 
Experimental Botany, 109: 212-228.  

    Demirevska, K., D. Zasheva, R. Dimitrov, L. 
Simova-Stoilova, M. Stamenova and U. 
Feller. 2009. 'Drought stress effects on 
Rubisco in wheat: changes in the Rubisco 
large subunit'. Acta Physiologiae 
Plantarum, 31 (6): 1129-1138 

 Dhir, B., P.  Sharmila, S. P.  Pardha, S. Sharma, R. 
Kumar and D.  Mehta. 2011. 'Heavy metal 
induced physiological alterations in 
Salvinia natans'. Ecotoxicology and 
environmental safety, 74 (6): 1678‒1684.  

Duan, B., Y. Yang., Y.  Lu, H. Korpelainen, F. 
Berninger and C.  Li. 2007. 'Interactions 
between drought stress, ABA and 
genotypes in Picea asperata' . J. Exp. Bot, 
58: 3025-3036. 

Duhan, J. S., R.  Kumar, N. Kumar, P.  Kaur, K.  
Nehra and S. Duhan. 2017. ' 
Nanotechnology: The new perspective in 
precision agriculture'. In Biotechnology 
Reports,15(2): 11‒23. 

https://www.researchgate.net/journal/Acta-Physiologiae-Plantarum-1861-1664
https://www.researchgate.net/journal/Acta-Physiologiae-Plantarum-1861-1664


 AM fungus regulates antioxidant activity and gene expression under cadmium stress 4165 

 

Elanchezhian, R., D.   Kumar, K. Ramesh, A. 
Biswas, A. Guhey and A. K. Patra. 2017. ' 
Morpho-physiological and biochemical 
response of maize (Zea mays L.) plants 
fertilized with nano-iron (Fe3O4) micro-
nutrient'. Journal of Plant Nutrition, 40 
(14): 1969‒1977 

Fageria, N. K. 2016. 'The use of nutrients in crop 
plants'. Boca Raton CRC press, Pp: 448 

Fathi, A. and D. Barari. 2016. 'Effect of drought 
stress and its mechanism in plants'. 
International Journal of Life Sciences, 10 
(1): 1-6 . 

Golden, M. H. 1991. 'The nature of nutritional 
deficiency in relation to growth failure and 
poverty'. Acta Paediatr, 80: 95–110.  

Graham, R. D., J. S.  Ascher  and  S. C.  Hynes. 1992. 
'Selecting zinc-efficient cereal genotypes 
for soils of low zinc status'. Plant and Soil, 
146 (1‒2): 241‒250.  

Hajihashemi, S. and  A. A.  Ehsanpour. 2013. 
'Influence of exogenously applied 
paclobutrazol on some physiological traits 
and growth of Stevia rebaudiana under in 
vitro drought stress'. Biologia, 68 (3): 414- 
420. 

Huang, C., D. Wang, L. Sun and L. Wei. 2016. 
'Effects of exogenous salicylic acid on the 
physiological characteristics of 
Dendrobium officinale under chilling 
stress '. Plant Growth Regulation,. 79 (2): 
199-208. 

Hussain, M., M. Farooq and D. J. Lee. 2017. 
'Evaluating the role of seed priming in 
improving drought tolerance of 
pigmented and non‐pigmented rice'. 
Journal of Agronomy and Crop Science, 
203 (4): 269- 276. 

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

 Iavicoli, I., L.  Veruscka, D. H.  Beezhold and A. A. 
Shvedova. 2017. 'Nanotechnology in 
agriculture: Opportunities, toxicological 
implications, and occupational risks'. 
Toxicology and Applied Pharmacology, 
329: 96‒111. 

ISTA.  2010. ' International rules for seed testing'. 
International Seed Testing Association 
(ISTA),543: 1-53. 

Jacobsen, S. E., A. Mujica and C. R. Jensen.  2003. 
'The resistance of quinoa (Chenopodium 
quinoa Willd.) to adverse abiotic factors'. 
Food Rev Int,19 (1–2): 99–109. 

Kaya, M. D., G. Okçu, M. Atak, Y.  Cıkılı and O. 
Kolsarıcı. 2006. 'Seed treatments to 
overcome salt and drought stress during 
germination in sunflower (Helianthus 
annuus L.) '. European Journal of 
Agronomy, 24 (4): 291-295. 

Kiapour. H., P. Moaveni., B. Sani., F. Rajabzadeh 
and Hamid Mozafari. 2020. 'Changes in 
some physiological traits and mucilage 
yield of sour tea (Hibiscus sabdariffa L.) 
under foliar application of magnesium and 
iron oxide nanoparticles'. Iranian Journal 
of Plant Physiology, 10 (4): 333-3341.  

Koziol, M. J., J. Janick and J. E.  Simon. 1993. 
'Quinoa: A Potential New Oil Crop. New 
Crops. Wiley. New York, pp: 328–336. 

Kusvuran, S., S. Kiran and S. S. Ellialtioglu. 2016. 
'Antioxidant Enzyme Activities and Abiotic 
Stress Tolerance Relationship in Vegetable 
Crops. In: Arun Shankar, K., and C. 
Shankar, eds. Abiotic and Biotic Stress in 
Plants. Recent Advances and Future 
Perspectives'. Tech, Rijeka  Croatia, pp: 
481-506. 

Latef, A. A. H. A., M. F. A. Alhmad and K. E. 
Abdelfattah. 2017. ' The possible roles of 
priming with ZnO nanoparticles in 
mitigation of salinity stress in lupine 
(Lupinus termis) plants'. Journal of Plant 
Growth Regulation, 36 (1): 60-70. 

Liopa-Tsakalidi, A., G. Kaspiris, G. Salahas and P. 
Barouchas. 2012. 'Effect of salicylic acid 
(SA) and gibberellic acid (GA3) pre-soaking 
on seed germination of stevia (Stevia 
rebaudiana) under salt stress'. Journal of 
Medicinal Plants Research, 6 (3): 416- 423. 

Lipiec, J., C. Doussan, A. Nosalewicz and K. 
Kondracka. 2013. 'Effect of drought and 
heat stresses on plant growth and yield: a 
review'. International Agrophysic, 27 (4): 
463-477. 



 4166 Iranian Journal of Plant Physiology, Vol (12), No (2) 

 

Maali-Amiri, R., I. Goldenkova-Pavlova., N. 
Yur’Eva., V. Pchelkin., V. 
Tsydendambaev.,  

A. Vereshchagin., A.  Deryabin., T. Trunova., D. 
Los and A. Nosov. 2007. 'Lipid fatty acid 

composition of potato plants transformed with 
the Δ12-desaturase gene from 
cyanobacterium'. Russian Journal of Plant 
Physiology, 54: 600-606. 

 
MacAdam, J. W., C. J. Nelson and R. E. Sharp. 

1992. 'Peroxidase activity in the leaf 
elongation zone of tall fescue: I. Spatial 
distribution of ionically bound peroxidase 
activity in genotypes differing in length of 
the elongation zone'. Plant Physiology, 99 
(3): 872-878. 

Madany, M. and R. Khalil. 2017. 'Seed priming 
with ascorbic acid or calcium chloride 
mitigates the adverse effects of drought 
stress in sunflower (Helianthus annuus L.) 
seedlings'. The Egyptian Journal of 
Experimental Biology (Botany), 13 (1): 
119-133. 

Mirzaei, M., Ladan Moghadam, A., Hakimi, L and 
Danaee, E. 2020. 'Plant growth promoting 
rhizobacteria (PGPR) improve plant 
growth, antioxidant capacity, and 
essential oil properties of lemongrass 
(Cymbopogon citratus) under water 
stress'. Iranian Journal of Plant Physiology, 
10: 3155-3166. 

Naghdi-Badi, H., S. M.  Tolyat-Abulhassani., M.  
Nazari and A. Mehrafarin. ' 2018.  
Phytochemical Response of Sweet Basil 
(Ocimum basilicum) to Application of 
Methanol Biostimulant and Iron Nano-
chelate '.  Journal of Medicinal Plants, 64: 
91-106. 

Omidi, H. 2010. 'Changes of proline content and 
activity of antioxidative enzymes in two 
canola genotype under drought stress'. 
American Journal of Plant Physiology, 5: 
338-349 

Patane, C., A. Saita and O. Sortino. 2013. 
'Comparative effects of salt and water 
stress on seed germination and early 
embryo growth in two cultivars of sweet 
sorghum'. Journal of Agronomy and Crop 
Science, 199 (1): 30-37. 

Praba, M. L., J. E. Cairns, R. C. Babu and H. R. 
Lafitte. 2009. ' Identification of 
physiological traits underlying cultivar 
differences in drought tolerance in rice 
and wheat '. Journal 
of Agronomy and Crop Science, 195: 30-
46. 

Prakash, D. and M. Pal. 1998. ' Chenopodium: 
seed protein, fractionation and amino acid 
composition'. International 
Journal of Food Science and Nutrition, 49: 
271–275. 

Prasad, M. N. V. 2004. ' Heavy metal stress in 
plants. From biomolecules to ecosystems'. 
Berlin, Heidelberg, Springer-Verlag 2nd Ed,  
Pp: 462. 

Prasad, R., V. Kumar and K. S.  Prasad. 2014. ' Nan-
otechnology in sustainable agriculture: 
present concerns and future aspects'. 
African Journal of Biotechnology, 13 (6): 
705‒713. 

Rahman, M., A. Chikushi, J. Yoshida and S. A. J. M. 
S. Karim. 2009. ' Growth and yield 
components of wheat genotypes exposed 
to high temperature stress under control 
environment '. Bangladesh Journal of 
Agricultural Research, 34: 361- 372.  

Rashid, A. and J. Ryan. 2004. 'Micronutrient 
constraints to crop production in soils 
with Mediterranean-type characteristics '. 
Journal of Plant Nutrition, 27 (6): 959‒975 

Reis, S., I. Pavia, A. Carvalho, J. Moutinho-Pereira, 
C. Correia and J. Lima- Brito. 2018. ' Seed 
priming with iron and zinc in bread wheat: 
effects in germination, mitosis and grain 
yield '.  Protoplasma, pp: 1-16. 

Repo-Carrasco, R., C. Espinoza and S. E. Jacobsen. 
2003. ' Nutritional value and use of the 
Andean crops quinoa (Chenopodium 
quinoa) and ka˜niwa (Chenopodium 
pallidicaule) '. Food Reviews, 
International, 19 (1–2): 179–189. 

Rout, G. R. and S. Sahoo. 2015. 'Role of iron in 
plant growth and metabolism'. 
Agricultural Science, 3:1-24. 

Ruiz, J. M., M. Baghour and L. Romero. 2000. 
'Efficiency of the different genotypes of 
tomato in relation to foliar content of Fe 
and the response of some bioindicators '. 



 AM fungus regulates antioxidant activity and gene expression under cadmium stress 4167 

 

Journal of Plant Nutrition, 23 (11-12): 
1777-1786. 

Ruwali, P and D. Negi. 2019. 'Phytochemical 
analysis and evaluation of antioxidant 
activity 

of 

Premna latifolia Roxb. A medicinal plant 
(Family: Lamiaceae)'. The Pharma 
Innovation 

Journal, 8 (5): 13-20. 
 
Schoenlechner, R., J. Drausinger, V. 

Ottenschlaeger and E. Berghofer. 2010 . 
'Functional Properties of Gluten-Free 
Pasta Produced from Amaranth, Quinoa 
and Buckwheat'. Plant Foods for Human 
Nutrition, 65: 339-349. 

Sekhon, B. S. 2014. 'Nanotechnology in agri-food 
production: An overview'. 
Nanotechnology, Science and Ap-
plications, 7(1): 31–53.  

Seyed Sharifi, R.  2018. ' Effect of uniconazole and 
biofertilizers on grain filling period and 
share of re-transfer process in wheat grain 
yield in different moisture regimes in 
greenhouse condition's. Environmental 
Stresses in crop Sciences, 11(3): 515-531.  

Seyed Sharifi, R. and M. S. Haydari Siahkhalaki. 
2016. 'Effects of biofertilizers on growth 
indices and contribution of dry matter 
remobilization in wheat grain yield'. 
Journal of Plant Researches, 28 (2): 326-
343. 

Shams Peykani, L and M. Farzami Sephr. 2018. 
'Effect of chitosan on antioxidant enzyme 

activity, proline, and malondialdehyde 
content in Triticum aestivum L. and Zea 
maize L. under salt stress condition'. 
Iranian Journal of Plant Physiology, 10(1): 
2661-2670. 

Shao, H. B., L.Y.  Chu, C. A. Jaleel, P. Manivannan, 
R.  Panneerselvam and M. A. Shao. 2009. 
'Understanding water deficit stress-
induced changes in the basic metabolism 
of higher plants-biotechnologically and 
sustainably improving agriculture and the 
ecoenvironment in arid regions of the 
globe'. Critical Reviews in Biotechnology, 
29: 131-151. 

Sharma, P., A. B. Jha, R. S. Dubey  and M.  
Pessarakli. 2012. 'Reactive oxygen 
species, oxidative damage, and 
antioxidative defense mechanism in 
plants under stressful sconditions'. 
Journal of Botany, pp: 1-26. 

Singh, B. R., Y. N. Timsina, O. C. Lind, S. Cagno and  
K. Janssens. 2018. 'Zinc and iron 
concentration as affected by nitrogen 
fertilization and their localization in wheat 
grain'. Frontiers in Plant Science, 9: 307.  

Tewari, R. K., F. Hadacek, S. Sassmann and I. Lang. 
2013. 'Iron deprivation-induced reactive 
oxygen species generation leads to non-
autolytic PCD in Brassica napus leaves'. 
Environmental and Experimental Botany, 
91: 74-83. 

Thakur, S., S.  Thakur and R. Kumar. 2018. 'Bio-
nanotechnology and its role in agriculture 
and food industry'. Journal of Molecular 

 



 4168 Iranian Journal of Plant Physiology, Vol (12), No (2) 

 

and Genetic Medicine, 12 (324): 1747‒
0862 

 Whitty, E. N. and C. Chambliss. 2005. 
'Fertilization of Field and Forage Crops'. 
Nevada State University Publication. 

Zaher-Ara, T., N.  Boroomand and M. Sadat-
Hosseini. 2016. 'Physiological and 
morphological response to drought stress 
in seedlings of ten citrus'. Trees, 30 (3): 
985-993.  


