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Abstract 
The effect of soil and foliar iron (Fe) application on the activity of some antioxidant enzymes and plant metabolites of Carthamus 

tinctorius L. (IL111), under water stress conditions was tested. The results showed that under drought stress conditions, the activity of 

ascorbate peroxidase, superoxide dismutase, polyphenol oxidase and catalase enzymes increased with soil application of Fe. In contrast, the 
activity of peroxidase enzyme under drought conditions increased with foliar application of Fe treatments. In general, leaf total soluble 
proteins, proline and malondialdehyde amounts were affected by interaction effects of drought stress and Fe. The results showed that leaf 
total soluble proteins had a positive reaction to soil and foliar applications of Fe. The result of this interaction effects showed that soil 
application of Fe is able to decrease malondialdehyde amount under water stress conditions. In addition, it was indicated that soil 
application of Fe in drought stress conditions lead to increasing proline. In conclusion, soil and foliar application of Fe during drought stress 
may counteract negative effects of such stress and enhance safflower tolerance to drought by increasing some antioxidant enzymes and plant 
metabolites (organic compounds such as proline and soluble proteins). 
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Introduction 

Drought or water deficit stress are major environmental 
factors that negatively impacts agricultural yield throughout the 
world, particularly when this kind of stress occurs during 
reproductive growth, affecting production, whether it is for 
subsistence or economic gain (Selote and Khana-Chopra, 
2004). One of the biochemical changes occurring when 
plants are subjected to environmental stress is the production 
of reactive oxygen species (ROS) (Dat et al., 2000). Moreover, 
overproduction of ROS in plant cells under stress can damage 
cellular components, including DNA, proteins and membrane 
lipids (Mittler, 2002). To prevent or alleviate injuries from ROS, 
plants have evolved an antioxidant defense system that includes 
non-enzymatic compounds, such as ascorbate, glutathione, 
tocopherol, carotenoids and flavonoids, as well as enzymes, such 
as superoxide dismutase (SOD, EC; 1.15.1.1), catalase (CAT, EC; 
1.11.1.6), peroxidase (POX, EC;1.11.1.7), ascorbate peroxidase 
(APX; EC 1.11.1.11) and polyphenol oxidase (PPO, EC; 
1.10.3.1) (Agarwal and Pandey, 2004). The SOD-APX-CAT 
system protects the photosynthetic machinery from oxidative 
damage in plants exposed to environmental stress (Cavalcanti et 
al., 2004). SOD scavenges the O2− generated by the electron
transport chain in chloroplasts and mitochondria, and the H2O2

produced by SOD activity is then eliminated by APX in different 
cell compartments (Shigeoka et al., 2002). In addition, CAT 
removes the H2O2 generated in the photorespiration pathway 
inside peroxisomes (Mittler, 2002). Therefore, maintenance of a 

favorable balance between SOD, APX and CAT is essential to 
avoid ROS accumulation, to preserve the photochemical 
apparatus and to avoid significant oxidative damage (Guo et al., 
2007). The activity of antioxidant enzymes play an important 
role in scavenging ROS and, therefore, their improvement could 
increase plants’ ability to tolerate stress and delay senescence 
(Alscher et al., 2002).  

Plants have several protection mechanisms to prevent the 
damaging effect of ROS (Pietrini et al., 2002). For instance, 
osmotic adjustment is an important physiological adaptation for 
minimizing the detrimental effects of drought stress (Morgan, 
1984). Osmotic adjustment is usually defined as a decrease in cell 
sap osmotic potential resulting from a net increase in intracellular 
solutes rather than from a loss of cell water. The former may 
operate through the concentration accretion of inorganic and/or 
organic solutes such as proline, glycine betaine, free amino acids, 
sugars, polyamines and polyphenols (Ben Khaled et al., 2003). 
Plants also accumulate osmotically active compounds (osmolytes) 
in the cytosol, allowing cells to regulate turgor pressure and to 
extract water from soil in water deficit conditions. Osmolytes help 
in maintaining the membrane structure and act as free radical 
scavengers, preventing lipid peroxidation and regulating K+ ion 
channels in stomata (Roychoudhury et al., 2008; Sekmen et al., 
2007). Proline is a reliable indicator of environmental stress 
imposed on plants (Claussen, 2005). Proline is capable of 
detoxifying free radicals by forming stable complexes with them, 
thus maintaining NAD (P)+/NAD (P) H ratios during stress at 
values similar to normal conditions (Sharma et al., 1998).  
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Water stress can also modify plant nutrient availability, 
uptake and transport (Schulze, 1991).  

Iron is considered an essential nutrient for plant growth and 
plays a central role on the overall physiology of plants. Plants 
subject to iron deficiency stress suffer a range of deleterious effects 
including inhibition of photosynthesis processes, pigment 
synthesis and other metabolic disturbances such as change in 
activity levels of several metalloenzymes (Manthey and Crowley, 
1997). Iron deficiency is commonly observed in soils with high 
acidity and in lime soils of dry lands. Likewise, extra bicarbonates 
of irrigation water and soil may either deteriorate Fe deficiency or 
decrease Fe absorption in soils with low organic content (Havlin 
et al., 2005). Moreover, it has been shown that many enzymes 
require iron to function correctly. In particular, iron is present in 
the active sites of catalase and superoxide dismutase involved in 
the scavenging of ROS, as previously described by Elstner and 
Osswald (1994). Iron deficiency in plants not only causes 
chlorosis, but also reduces the activity of certain enzymes that 
contain Fe porphyrin as prosthetic groups, such as catalase and 
peroxidase (Balakrishnan, 2000).  

Considering the usual Fe deficiency in soils of dry regions, 
this study aims to understand the effect of soil and foliar Fe 
applications, in various levels, on the activity of several 
antioxidant enzymes and osmotic active compounds in safflower 
under water deficit conditions. The intention was to decrease the 
detrimental effects of stress in this oilseed crop by identifying 
effective mechanisms to cope with drought stress. 

Materials and methods 

Experimental design 
The experiment was carried out at Shahed University, 

Tehran, farm (35° 33’ N and 51° 20’ E), during the 2012 crop 
season. The experimental site is located at 1,190.8 meters 
above sea level. Long-term (30 years) mean annual rainfall 
and temperature are 238.9 mm and 17.7 °C, respectively. 
Minimum and maximum average temperatures and rainfall 
amounts during the crop season are summarized in Table 1. 
Mixed soil samples were prepared from 0-30 and 30-60 cm of 
depth and then the soil texture, pH, electrical conductivity 
(EC), total nitrogen, absorbable P, K, Fe, Zn and Mn were 
measured prior to planting. The results of soil and water 
physical and chemical analyses were shown in Table 2. The 
soil type was classified as loam, and Fe values were lower than 
the critical level. Soil and water of the experimental site were 
free from salty limitation. The consumed nitrogen fertilizer 
amount was 150 kg N ha-1 urea, at the beginning of 
plantation. Each furrow was 2 × 4 m2 and included 4 
plantation rows separated by 50 cm. Each row was of 4 meters 
long and a free row was set between all furrows. The distance 
between plants was 5 cm; therefore, the final density was of 
approximately 400,000 plants/ha-1. The experimental design 
was split plot in a randomized complete blocks design 
(CRBD) with 4 replicates. The factors were: drought stress 
with two levels (normal irrigation or irrigation to reach 50% 
soil moisture depletion of field capacity (I1) and irrigation 
from the beginning of flowering to the end of pollination 
stage, reaching 75% of soil moisture depletion of field capacity 
(I2) in the main plots, and soil application of Fe-EDDHA 
and application of water with eight levels (S1= without soil 
application of Fe, S2= 50, S3=100, S4= 150 Fe Kg ha-1, F1= 
foliar application of water, F2= 1,000, F3= 2,000 and F4= 
3,000 Fe mg.L-1) in the subplots.  

Soil and foliar applications of Fe were conducted during 
flowering, under drought stress. All experimental plots were 
simultaneously and equally irrigated up to the beginning of 
flowering and pollination stages. After that, all plots without 
drought stress were irrigated up to the end of the season and 
yellowing leaves, while drought-stressed plots were irrigated 
only after determination of soil moisture to achieve 75% of 
moisture depletion of field capacity. Soil moisture was 
measured by a gravimetric method, which consisted of 
extracting a soil sample from 0-30 cm depth at 48 hours after 
irrigation, immediately weighting and transferring the sample 
to a 100 °C oven, to measure soil moisture weight percentage. 
Thus, prior to re-irrigation, the soil moisture was allowed to 
achieve 75% moisture depletion of field capacity at root 
depth. 

 
Antioxidant enzyme assays  
Sampling  
In the end of the flowering stage, youngest leaves were 

sampled. After washing, leaves were frozen in liquid N2 and 
stored at -80 °C until biochemical analysis. 

Extract preparation 
Frozen leaves (0.2 g) were homogenized using a mortar 

and pestle with 3 mL ice-cold extraction buffer (25 mm 
sodium phosphate buffer, pH = 7.8). The homogenate was 
centrifuged at 18,000 g for 30 min at 4 °C. Then, the 
supernatant was passed through filter paper and it was used 
for the determination of enzyme activity and protein content 
as a crude extract.  

Catalase activity was estimated by the method of Cakmak 
and Horst (1991). The decrease in absorbance was recorded 
at 240 nm for 1 min using a spectrophotometer. Catalase 
activity of the extract was expressed as ∆A mg−1protein min−1. 
Superoxide dismutase activity was determined by measuring 
the ability of the enzyme extract to inhibit the photochemical
reduction of nitrobluetetrazolium (NBT) according to the 
method of Giannopolitis and Ries (1977). The absorbance 
was measured at 560 nm and one unit of SOD activity was 
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Table 1. Monthly temperature and precipitation during the growing season 2012 

Total precipitation 
(mm) 

Average temperature (°C) 
Month 

Mean Maximum Minimum 

0.59 16.42 22.115 10.73 March 
1.01 17.72 22.83 12.615 April 
0.27 24.02 29.095 18.95 May 
0.115 28.04 34.05 22.035 June 

0 31.605 37.74 25.475 July 

 

Table 2. Physico-chemical properties of the soil and characteristics of water used for 

irrigation and foliar spraying 

 
Soil properties Values Water characteristics Values 

EC (dSm−1) 4.96 EC (dSm−1) 2.18 
pH 7.7 pH 7.7 
Organic carbon (%) 1 Ca2+ (mequiv. l−1) 0.9 
Total N (%) 0.089 Mg2+ (mequiv. l−1) 0.6 
Available P (mgkg−1) 16 Na+ (mequiv. l−1) 19 
Available K (mgkg−1) 320 SAR 22.09 
Fe (mg kg−1) 2.8 Cl− (mequiv. l−1) 16.5 
Zn (mg kg−1) 2.4 HCO3 (mequiv. l−1) 2 
Mn (mg kg−1) 14 TDS(mg l−1) 1395 
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defined as the amount of enzyme that caused 50% inhibition 
of photochemical reduction of NBT. Superoxide dismutase 
activity of the extract was expressed as ∆A mg−1protein min−1. 
Peroxidase and polyphenol oxidase activity were estimated 
using the method of Ghanati et al. (2002). Peroxidase enzyme 
activity was determined by the oxidation of guaiacol in the 
presence of H2O2. The increase in absorbance at 470 nm was 
recorded in a spectrophotometer for 1 min. The reaction 
mixture contained 100 µL of crude extract, 500 µL of 5 mM 
H2O2, 500 µL of 28 mM guaiacol and 1,900 µL of 60 mM
potassium phosphate buffer (pH 6.1). POX activity of the 
extract was expressed as ∆A mg−1protein min−1. Polyphenol 
oxidase enzyme activity was determined by the oxidation of 
catechol in the presence of H2O2. The increase in absorbance 
at 410 nm was recorded in a spectrophotometer for 1 min. 
The activity of PPO enzymes in the extract was expressed 
as ∆A mg−1protein min−1. APX activity was assayed by 
measuring the decrease in absorbance at 290 nm (ε = 2.8 
mM-1 cm-1) for 1 min (Nakano and Asada, 1981). The 
reaction was initiated with H2O2. Rates were corrected by 
subtracting rates occurring in the absence of enzyme 
extract. The activity of each enzyme was expressed on a 
protein basis. 

 
Total leaf soluble protein content  
Total protein content was determined using bovine 

serum albumin (BSA) as a standard, according to the 
method of Bradford (1976), using 1 ml Bradford solution 
and 100 ml crude extract. Coomassie Blue G 250 (100 
mg) was dissolved in 50 ml of methanol. The solution was 
added to 100 ml of 85% H3PO4 and diluted to 200 ml 
with distilled water. Protein concentration was calculated 
from a BSA standard curve. 
 

Malondialdehyde concentration (level of lipid peroxidation) 
The level of membrane damage was determined by 

measuring the amount of malondialdehyde (MDA), which is 
the end product of lipid peroxidation, according to the 
DeVos et al. (1991) method. The amount of MDA in the 
samples was determined from the absorbance at 532 nm, 
followed by correction for non-specific absorbance at 
600 nm in a spectrophotometer. Concentration of MDA 
was determined by the extinction coefficient of MDA (ε
= 155 µM–1 cm). 

 
Proline content  
Proline content of leaves was determined according to 

a modification of the method of Bates et al. (1973). The 
absorbance was measured at 520 nm using a 
spectrophotometer. The content of proline was 
calculated from a standard curve and was expressed as mg 
g FW-1. 

 
Statistical analysis 
The data were analyzed using analysis of variance 

(ANOVA) using the GLM procedure in SAS (SAS 
Institute Inc, 2002) (P < 0.01). The assumptions of the 
ANOVA were tested by ensuring that the residuals were 
random and homogenous, with a normal distribution 
and with a mean of approximately zero. The significance 
of differences among treatment means was tested using 
LSMEANS with the PDIFF option.  

Results and discussions 

Antioxidant enzyme activities 
Results of the interactive effects of drought and Fe stress 

showed that a change in the CAT activity in I1, due to the 
soil or foliar application of Fe, was observable. The highest 
activity of CAT was obtained in S2. The increase in CAT 
activity under S2 was 61% in comparison with S1. However, 
during the drought stress and decreased soil moisture of up to 
75% of the field capacity (I2), CAT positively responded to 
Fe application. In addition, S2 significantly increased the 
CAT activity rate under I2 compared with F1, which 
demonstrated a 3.2- and 4-fold increase, whereas S2, 
compared with S1, showed a 2- and 1.3-fold increase, 
respectively (Fig. 1). 

CATs are tetramericheme-containing enzymes with the 
potential to directly dismutase H2O2 into H2O and O2; they 
are essential for ROS detoxification during stress conditions 
(Garg and Manchanda, 2009). The microelements such as Fe, 
Zn, Cu, Mg and Mn also play roles as cofactors of many 
antioxidant enzymes; therefore, when plants are deficient of 
these elements, the activities of antioxidant enzymes decrease 
and plants become more sensitive to environmental stresses 
(Kabata-Pendias and Pendias, 1999). Therefore, Fe 
application resulted in an increase of the CAT activity in the 
safflower leaves under water deficit conditions, which could 
be due to higher availability of Fe in soil.  

Interactions between drought stress and Fe application 
resulted in the Fe treatments, on several levels of drought 
stress, being classified in different statistical classes in terms of 
the APX activity. Our results indicated that Fe affected the 
APX activity of safflower during the flowering stage under I2. 
The highest APX activity was obtained with the S4 and S3 
treatments; however, no significant differences were observed 
with S2 and F2, and the lowest APX activity was obtained 
with F1. With an increase in the soil moisture from 75 to 
50% of the field capacity (I1), the trend in the APX activity 
was proportional to the Fe levels; namely, the highest APX 
average corresponded to S3. Similarly, the lowest activity of 
the enzyme was observed in F1 under the I1 condition. In 
this study, the APX activity increased with the Fe levels, such 
that the highest and lowest APX activities were obtained with 
S4 and F1, respectively. Similarly, the lowest APX activity was 
observed with F1 under the I1 conditions (Fig. 2). 

The expression of APX has been reported to be regulated 
by Fe in higher plants. APX is a heme-containing enzyme, 
similar to other peroxidases and catalases (Shigeoka et al., 
2002). Zaharieva and Abadia (2003) reported that the activity 
of APX decreased under stress conditions, including Fe-
deficiency in sugar beet. Regarding to results of this experiment, 
using Fe can increased APX activity under drought stress.  

Our results demonstrated a strong interaction effect 
between the drought stress levels and Fe in terms of the PPO 
activity. With a 25% increase of soil moisture depletion (I2 
instead of I1) and with the S3 application of Fe, the highest 
activity of PPO was observed. However, under water-deficit 
conditions (I2), the S4 application decreased the PPO 
amount by 74.1% in comparison with S3. In contrast, with 
increasing soil moisture from 75% to 50% of the field capacity 
(I1), the F3 treatment resulted in a higher activity of this 
enzyme, to approximately 2.5-fold more than with the F1 
treatment (Fig. 3).  
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Thipyapong et al. (2007) reported that if PPO 
contributes to the Mehler reaction, then plants with elevated 
PPO are expected to have improved stress tolerance because 
photosynthetic electron transport can reduce molecular 
oxygen (O2), yielding superoxide, a ROS that is ca
damaging or inactivating essential macromolecules (Halliwell 
and Gutteridge, 1999). Therefore, a higher activity of PPO 
under drought stress after the addition of Fe to the soil 
indicates an enhanced plant tolerance to drought stress. 

The POX activity under drought stress followed a similar 
trend with the soil and foliar applications: F2 significantly 
increased the POX activity rate under I2 compared with F1, which 
showed a 1.9- fold increase. Furthermore, S1 showed a 4.5
increase. The lowest activity of this enzyme was observed in S1 
under the I2 condition. Our results showed that under optimal 
moisture conditions (50% of the field capacity) the POX activity 
increased through S3 and S2, although no significant differences 

Fig. 1. Changes in catalase activity due to water deficit stress and 
application of Fe; I1- normal irrigation or irrigation to reach 50% soil 
moisture depletion of field capacity, I2- irrigation from the beginning of 
flowering to the end of pollination stage reaching 75% of soil moisture 
depletion of field capacity; S- soil application of Fe, S1
application of Fe; S2- 50 Fe Kg ha-1,  S3- 100 Fe Kg ha
ha-1; F- foliar application of Fe, F1- foliar application of water, F2
Fe mg l-1, F3- 2,000 Fe mg l-1, F4- 3,000 Fe mg l
each column of each section followed by the same letter are not 
significantly different (p≤0.05) 
 

Fig. 2. Changes in ascorbate peroxidase activity due to water deficit stress 
and application of Fe; I1- normal irrigation or irrigation to reach 50% 
soil moisture depletion of field capacity, I2- irrigation from the beginning 
of flowering to the end of pollination stage reaching 75% of soil moisture 
depletion of field capacity; S- soil application of Fe, S1
application of Fe; S2- 50 Fe Kg ha-1,  S3- 100 Fe Kg ha
ha-1; F- foliar application of Fe, F1- foliar application of water, F2
Fe mg l-1, F3- 2,000 Fe mg l-1, F4- 3,000 Fe mg l
each column of each section followed by the same letter are not 
significantly different (p≤0.05) 
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. (2007) reported that if PPO 
contributes to the Mehler reaction, then plants with elevated 
PPO are expected to have improved stress tolerance because 
photosynthetic electron transport can reduce molecular 

), yielding superoxide, a ROS that is capable of 
damaging or inactivating essential macromolecules (Halliwell 
and Gutteridge, 1999). Therefore, a higher activity of PPO 
under drought stress after the addition of Fe to the soil 
indicates an enhanced plant tolerance to drought stress.  

ivity under drought stress followed a similar 
trend with the soil and foliar applications: F2 significantly 
increased the POX activity rate under I2 compared with F1, which 

fold increase. Furthermore, S1 showed a 4.5-fold 
activity of this enzyme was observed in S1 

under the I2 condition. Our results showed that under optimal 
moisture conditions (50% of the field capacity) the POX activity 
increased through S3 and S2, although no significant differences 

were observed between them. The F1 and S1 treatments had the 
lowest effect on the POX activity under the I1 condition (Fig. 4). 
Ranieri et al. (2001) reported that POX isoenzyme patterns of 
soybean and sunflower leaves grown in nutrient solution are 
affected by iron starvation and showed preferential reduction in 
their activity in a detoxification process. The data suggest that the 
increased POX activity upon the application of Fe led to a decrease 
in the oxidative stress in the safflower under water deficit 
conditions. 

Similarly, the differences in SOD activity under the drought 
stress and Fe treatments were significant. Under a 50% moisture 
depletion of the field capacity, the Fe application did not have a 
considerable effect on the SOD activity, while its activity increased 
with S1. However, with increasing soil moisture depletion from 50 
to 75% of the field capacity, the SOD activity showed a positive 
reaction to the application of Fe because the trend in SOD activity 
was proportional with the Fe levels; namely, the highest 

 

Fig. 1. Changes in catalase activity due to water deficit stress and 
normal irrigation or irrigation to reach 50% soil 

irrigation from the beginning of 
flowering to the end of pollination stage reaching 75% of soil moisture 

soil application of Fe, S1- without soil 
100 Fe Kg ha-1, S4- 150 Fe Kg 

foliar application of water, F2- 1,000 
3,000 Fe mg l-1; LS MEANS within 

each column of each section followed by the same letter are not 

 

anges in ascorbate peroxidase activity due to water deficit stress 
normal irrigation or irrigation to reach 50% 

irrigation from the beginning 
tage reaching 75% of soil moisture 

soil application of Fe, S1- without soil 
100 Fe Kg ha-1, S4- 150 Fe Kg 

foliar application of water, F2- 1,000 
3,000 Fe mg l-1; LS MEANS within 

each column of each section followed by the same letter are not 

Fig. 3. Changes in polyphenol oxidase activity due to water deficit stress 
and application of Fe; I1- normal irrigation or irrigation to reach 50% 
soil moisture depletion of field capacity, I2
of flowering to the end of pollination stage reaching 75% of soil moisture 
depletion of field capacity; S- soil application of Fe, S
application of Fe; S2- 50 Fe Kg ha-1,  S3
ha-1; F- foliar application of Fe, F1- foliar application of water, F2
Fe mg l-1, F3- 2,000 Fe mg l-1, F4- 3,000 Fe mg l
each column of each section followed by the same letter are not 
significantly different (p≤0.05) 
 

Fig. 4. Changes in peroxidase activity due to water deficit stress and 
application of Fe; I1- normal irrigation or irrigation to reach 50% soil 
moisture depletion of field capacity, I2
flowering to the end of pollination stage reaching 75% of soil moisture 
depletion of field capacity; S- soil application of Fe, S1
application of Fe; S2- 50 Fe Kg ha-1,  S3
ha-1; F- foliar application of Fe, F1- foliar application of water, F2
Fe mg l-1, F3- 2,000 Fe mg l-1, F4- 3,000 Fe mg l
each column of each section followed by the same letter are not 
significantly different (p≤0.05) 
 

n them. The F1 and S1 treatments had the 
lowest effect on the POX activity under the I1 condition (Fig. 4). 

. (2001) reported that POX isoenzyme patterns of 
soybean and sunflower leaves grown in nutrient solution are 

n and showed preferential reduction in 
their activity in a detoxification process. The data suggest that the 
increased POX activity upon the application of Fe led to a decrease 
in the oxidative stress in the safflower under water deficit 

rly, the differences in SOD activity under the drought 
stress and Fe treatments were significant. Under a 50% moisture 
depletion of the field capacity, the Fe application did not have a 
considerable effect on the SOD activity, while its activity increased 
with S1. However, with increasing soil moisture depletion from 50 
to 75% of the field capacity, the SOD activity showed a positive 
reaction to the application of Fe because the trend in SOD activity 
was proportional with the Fe levels; namely, the highest SOD 

 

Fig. 3. Changes in polyphenol oxidase activity due to water deficit stress 
normal irrigation or irrigation to reach 50% 

soil moisture depletion of field capacity, I2- irrigation from the beginning 
of flowering to the end of pollination stage reaching 75% of soil moisture 

soil application of Fe, S1- without soil 
,  S3- 100 Fe Kg ha-1, S4- 150 Fe Kg 
foliar application of water, F2- 1,000 
3,000 Fe mg l-1; LS MEANS within 

section followed by the same letter are not 

Fig. 4. Changes in peroxidase activity due to water deficit stress and 
normal irrigation or irrigation to reach 50% soil 

moisture depletion of field capacity, I2- irrigation from the beginning of 
flowering to the end of pollination stage reaching 75% of soil moisture 

soil application of Fe, S1- without soil 
,  S3- 100 Fe Kg ha-1, S4- 150 Fe Kg 
foliar application of water, F2- 1,000 
3,000 Fe mg l-1; LS MEANS within 

each column of each section followed by the same letter are not 
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activity corresponded to S3. Our results showed that S3 
increased the SOD activity by approximately 73.2% and 81.6% 
compared with S1 and F1, respectively. In addition, the highest 
foliar application of Fe (F4) resulted in the least SOD activity. 
Thus, our results indicated that Fe applications to the soil are 
useful for SOD activity under drought conditions (Fig. 5). 

The SOD, CAT and GPX activities increased with Fe, Zn, 
Mn and Cu in sunflower as reported by Rahimizadeh 
(2007). SODs are classified by their metal cofactors into three 
types: copper/zinc (Cu/Zn-SOD), manganese (Mn
and iron (Fe-SOD). They are localized in different cellular 
compartments (Mittler, 2002). Other microelements, such as 
Fe, Zn, Cu, Mg and Mn, are cofactors in the structures of many 
antioxidant enzymes; therefore, when plants are deficient of 
these elements, the activities of antioxidant enzymes decrease, 
thereby imposing higher sensitivity to environmental stresses 
(Kabata-Pendias and Pendias, 1999). It appears 
application of Fe with 100 Kg ha-1 (S3) can increased SOD 
activity under drought stress, because of elevated levels of this 
enzyme activity in safflower leaves that may reduce the 
oxidative stress damage.  

 
Total leaf soluble protein content 
The results showed that under the studied drought stress 

levels, there was a significant difference between the Fe 
treatments in terms of the total leaf soluble proteins. The average 
of the total leaf soluble proteins, with three levels of Fe soil 
applications (S2 to S4) and three levels of foliar application (F2 
to F4) under water stress, were 0.414 mg g FW
FW-1, respectively, which were higher than the 0.120 mg g FW
and 0.123 mg g FW-1 with S1 and F1, respectively. The total leaf 
soluble proteins during flowering after decreasing the soil 
moisture from 50% to 75% of the field capacity significantly 
increased in F4, whereas F3 and F2 were ranked as the second 
and third options for enhancing the total leaf soluble proteins 
and were therefore classified into a superior group. The 
interaction effects of the drought stress and Fe showed that S4 
under the non-stress condition gained the highest total leaf 
soluble protein content, with 0.493 mg g FW

Fig. 5. Changes in superoxide dismutase activity due to water deficit 
stress and application of Fe;. I1- normal irrigation or irrigation to reach 
50% soil moisture depletion of field capacity, I2
beginning of flowering to the end of pollination stage reaching 75% of 
soil moisture depletion of field capacity; S- soil application of Fe, S1
without soil application of Fe; S2- 50 Fe Kg ha-1,  S3
150 Fe Kg ha-1; F- foliar application of Fe, F1- foliar application of water, 
F2- 1,000 Fe mg l-1, F3- 2,000 Fe mg l-1, F4- 3,000 Fe mg l
within each column of each section followed by the same letter are not 
significantly different (p≤0.05) 
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activity corresponded to S3. Our results showed that S3 
increased the SOD activity by approximately 73.2% and 81.6% 
compared with S1 and F1, respectively. In addition, the highest 
foliar application of Fe (F4) resulted in the least SOD activity. 
Thus, our results indicated that Fe applications to the soil are 
useful for SOD activity under drought conditions (Fig. 5).  

The SOD, CAT and GPX activities increased with Fe, Zn, 
Mn and Cu in sunflower as reported by Rahimizadeh et al. 

assified by their metal cofactors into three 
SOD), manganese (Mn-SOD) 

SOD). They are localized in different cellular 
compartments (Mittler, 2002). Other microelements, such as 

he structures of many 
antioxidant enzymes; therefore, when plants are deficient of 
these elements, the activities of antioxidant enzymes decrease, 
thereby imposing higher sensitivity to environmental stresses 

Pendias and Pendias, 1999). It appears that the soil 
(S3) can increased SOD 

activity under drought stress, because of elevated levels of this 
enzyme activity in safflower leaves that may reduce the 

The results showed that under the studied drought stress 
levels, there was a significant difference between the Fe 
treatments in terms of the total leaf soluble proteins. The average 
of the total leaf soluble proteins, with three levels of Fe soil 

ions (S2 to S4) and three levels of foliar application (F2 
to F4) under water stress, were 0.414 mg g FW-1and 0.413 mg g 

, respectively, which were higher than the 0.120 mg g FW-1

with S1 and F1, respectively. The total leaf 
proteins during flowering after decreasing the soil 

moisture from 50% to 75% of the field capacity significantly 
increased in F4, whereas F3 and F2 were ranked as the second 
and third options for enhancing the total leaf soluble proteins 

e classified into a superior group. The 
interaction effects of the drought stress and Fe showed that S4 

stress condition gained the highest total leaf 
soluble protein content, with 0.493 mg g FW-1. The results

showed a decrease in total leaf soluble proteins content in
condition by S1, F1, S2 and S3. Under the non
where the total leaf soluble proteins had the maximum value, the 
activity level of the antioxidant enzymes was approximately zero. 
The interactive effects of drought and Fe on the soluble proteins 
of the leaf indicated that the soil and foliar application of Fe 
increased the proteins under drought stress in comparison with 
the control treatments, S1 and F1 (Fig. 6).

Micronutrients are present in small amounts and
activate approximately 100 enzymes in a variety of plants. Plants 
are not able to survive without micronutrients because they are 
essential for DNA and RNA synthesis, as well as for 
metabolizing carbohydrates, fats, proteins and alcohols 
(Marschner, 1995). Also, Nagaraj (1987) in order to study the 
effect of foliar micronutrients such as Mn, Fe, Mo and Mg on 
peanut observed that Fe increased total leaf soluble protein 
content. Hence, their availability for plants is vital. Similarly, Fe 
application had a positive influence on the soluble protein 
content of safflower leaves under drought stress conditions in 
this experiment. 

 
Proline content 
The application of Fe affected the proline accumulation 

under I2 and the highest value of proline accumulation wa
obtained with S2. In addition, the lowest value of proline was 
observed in S1 and F1 under I2 conditions, while with a 50% 
moisture depletion of the field capacity, the effect of foliar Fe 
application on proline was positive, and the proline content was 
enhanced with higher levels of foliar application. The highest 
proline was obtained with F4. The results showed that the 
combination of I1 F4 with 0.0577 mg g FW
with I1  F1 with 0.0292 mg g FW
and an increase in proline was 97.4% (Fig. 7). 

Proline may have different roles in drought
mechanisms, such as scavenging free radicals and thereby, 
protecting cellular structures against oxidative damage and 
denaturation (Girija et al., 2002). Moreover, Yoshiba 
(1997) and Phutela et al. (2000) suggested that proline
accumulates in tissues of stressed plants due to the increased 

Changes in superoxide dismutase activity due to water deficit 
normal irrigation or irrigation to reach 

50% soil moisture depletion of field capacity, I2- irrigation from the 
on stage reaching 75% of 
soil application of Fe, S1-
,  S3- 100 Fe Kg ha-1, S4-

foliar application of water, 
3,000 Fe mg l-1; LS MEANS 

within each column of each section followed by the same letter are not 

Fig. 6. Changes in protein content due to water deficit stress and 
application of Fe; I1- normal irrigation or irrigation to reach 50% soil 
moisture depletion of field capacity, I2
flowering to the end of pollination stage reaching 75% of soil moisture 
depletion of field capacity; S- soil application
application of Fe; S2- 50 Fe Kg ha-1,  S3
ha-1; F- foliar application of Fe, F1- foliar application of water, F2
Fe mg l-1, F3- 2,000 Fe mg l-1, F4- 3,000 Fe mg l
each column of each section followed by the same letter are not 
significantly different (p≤0.05) 
 

soluble proteins content in I1 
condition by S1, F1, S2 and S3. Under the non-stress conditions, 

the total leaf soluble proteins had the maximum value, the 
activity level of the antioxidant enzymes was approximately zero. 

ought and Fe on the soluble proteins 
of the leaf indicated that the soil and foliar application of Fe 
increased the proteins under drought stress in comparison with 
the control treatments, S1 and F1 (Fig. 6). 

Micronutrients are present in small amounts and they 
activate approximately 100 enzymes in a variety of plants. Plants 
are not able to survive without micronutrients because they are 
essential for DNA and RNA synthesis, as well as for 
metabolizing carbohydrates, fats, proteins and alcohols 

1995). Also, Nagaraj (1987) in order to study the 
effect of foliar micronutrients such as Mn, Fe, Mo and Mg on 
peanut observed that Fe increased total leaf soluble protein 
content. Hence, their availability for plants is vital. Similarly, Fe 

d a positive influence on the soluble protein 
content of safflower leaves under drought stress conditions in 

The application of Fe affected the proline accumulation 
under I2 and the highest value of proline accumulation was 
obtained with S2. In addition, the lowest value of proline was 
observed in S1 and F1 under I2 conditions, while with a 50% 
moisture depletion of the field capacity, the effect of foliar Fe 
application on proline was positive, and the proline content was 
enhanced with higher levels of foliar application. The highest 
proline was obtained with F4. The results showed that the 

F4 with 0.0577 mg g FW-1, in comparison 
F1 with 0.0292 mg g FW-1, was significantly superior 

and an increase in proline was 97.4% (Fig. 7).  
Proline may have different roles in drought-resistance 

mechanisms, such as scavenging free radicals and thereby, 
protecting cellular structures against oxidative damage and 

., 2002). Moreover, Yoshiba et al. 
. (2000) suggested that proline

accumulates in tissues of stressed plants due to the increased 
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Fig. 6. Changes in protein content due to water deficit stress and 
normal irrigation or irrigation to reach 50% soil 

moisture depletion of field capacity, I2- irrigation from the beginning of 
flowering to the end of pollination stage reaching 75% of soil moisture 

soil application of Fe, S1- without soil 
,  S3- 100 Fe Kg ha-1, S4- 150 Fe Kg 
foliar application of water, F2- 1,000 
3,000 Fe mg l-1; LS MEANS within 
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rate of its synthesis by pyrroline-5-carboxylate synthetase and 
then it decreases as it is degradated by proline oxidase enzyme, 
with concomitant increases in both cell turgidity and its activity. 
It seems that increase in proline content with Fe application 
could improve safflower tolerance to water deficit condition.

 
Malondialdehyde concentration 
Major changes in the MDA amounts resulted from the 

interactive effects of drought stress and Fe. The results of this effect 
showed that by increasing the soil moisture from 75% to 50% of 
the field capacity, the MDA amount was significantly d
S4 (0.127 µM cm–1) in comparison with the other Fe treatments. 
The comparison of the means showed that the combination of I2 
S4 decreased the MDA amount by 45.6% compared with I2

F1, therefore MDA was enhanced due to drought stress, 
particularly with the F1 treatment (Fig. 8).  

Cell membranes are among the first and major ultra structural 
sites to be affected by ROS, which may disturb membrane 
function. Symptoms of those unfavorable processes include: 
oxidation of unsaturated fatty acids, protein degradation, and the 
resultant loss of selective permeability of membranes (Senaratna 
and McKersie, 1986). Lipid peroxidation measured as the amount 
of thiobarbituric acid reactive substance or malondialdehyde 
(TBARS or MDA) is produced when polyunsa
in the membrane undergo oxidation by the accumulation of free 
oxygen radicals. As lipid peroxidation is the symptom mostly 
ascribed to oxidative damage, it is often used as an indicator of 
increased damage (Hernandez et al., 2000). 

The increase in TBARS under iron deficiency indicates that 
iron deficiency induced oxidative damage on lipids and proteins 
(Sun et al., 2007). Also, the increased accumulation of LPO is 
indicative of enhanced production of toxic oxygen species. 
Likewise, the level of MDA (one of the major TBA reaction 
metabolites) increased in iron-deficient borage plantlets 
(Mohamed and Aly, 2004). In this study it was determined that 
reducing the amount of MDA at different levels of Fe under 
drought stress could compensate the negative effects of 

Fig. 7. Changes in proline content due to water deficit stress and 
application of Fe; I1- normal irrigation or irrigation to reach 50% soil 
moisture depletion of field capacity, I2- irrigation from the beginning of 
flowering to the end of pollination stage reaching 75% of soil moisture 
depletion of field capacity; S- soil application of Fe, S
application of Fe; S2- 50 Fe Kg ha-1,  S3- 100 Fe Kg ha
ha-1; F- foliar application of Fe, F1- foliar application of water, F2
Fe mg l-1, F3- 2,000 Fe mg l-1, F4- 3,000 Fe mg l
each column of each section followed by the same letter are not 
significantly different (p≤0.05) 
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carboxylate synthetase and 
as it is degradated by proline oxidase enzyme, 

with concomitant increases in both cell turgidity and its activity. 
It seems that increase in proline content with Fe application 
could improve safflower tolerance to water deficit condition.  

Major changes in the MDA amounts resulted from the 
interactive effects of drought stress and Fe. The results of this effect 
showed that by increasing the soil moisture from 75% to 50% of 
the field capacity, the MDA amount was significantly decreased by 

) in comparison with the other Fe treatments. 
The comparison of the means showed that the combination of I2 
S4 decreased the MDA amount by 45.6% compared with I2

F1, therefore MDA was enhanced due to drought stress, 

Cell membranes are among the first and major ultra structural 
sites to be affected by ROS, which may disturb membrane 
function. Symptoms of those unfavorable processes include: 

otein degradation, and the 
resultant loss of selective permeability of membranes (Senaratna 
and McKersie, 1986). Lipid peroxidation measured as the amount 
of thiobarbituric acid reactive substance or malondialdehyde 
(TBARS or MDA) is produced when polyunsaturated fatty acids 
in the membrane undergo oxidation by the accumulation of free 
oxygen radicals. As lipid peroxidation is the symptom mostly 
ascribed to oxidative damage, it is often used as an indicator of 

increase in TBARS under iron deficiency indicates that 
iron deficiency induced oxidative damage on lipids and proteins 

., 2007). Also, the increased accumulation of LPO is 
indicative of enhanced production of toxic oxygen species. 

evel of MDA (one of the major TBA reaction 
deficient borage plantlets 

(Mohamed and Aly, 2004). In this study it was determined that 
reducing the amount of MDA at different levels of Fe under 

e negative effects of stress.  

Conclusions 

According to our findings, both the soil and foliar 
application of Fe had a positive effect on the activities of the 
antioxidant enzymes and certain metabolites under water stress 
conditions. Considering the warm and dry climate of the region 
where the experiment was carried out, either the soil or foliar Fe 
application could be useful. Under these conditions, however, 
the high temperatures could increase the amount of evaporation 
because the foliar application of the Fe salts may lead to burned 
leaves. Therefore, the application of Fe to the soil may be more 
appropriate than the foliar method. As a result, soil Fe 
application is highly recommended to minimize the possible 
damage due to drought stress during flowering and to extend the 
cultivated area of oil grain crops, such as the safflower, in dry and 
semidry regions with limited irrigation during the springtime.
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