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Abstract: Rice ranks second among cereals in dietary uses around the world. Rice is deficient in iron
(Fe), and these are important micronutrients for infants, men, and women. Fortification of rice with
iron would help to minimize nutrient deficiency disorders among humans. The current study aims to
introduce nutrient-rich rice. The effects of iron on germination, growth, photosynthetic pigment, an-
tioxidant activity, and reduction of oxidative stress were investigated in four Oryza sativa L. cultivars.
O. sativa of four different cultivars (Basmati-515, PK-386, KSK-133, and Basmati-198) were grown
under five treatments (100, 200, 300, 400, and 500 mM) of iron sulphate (FeSO4) in soil of pH 7.5,
along with control, by using six replicates. The result revealed that Fe treatment significantly affected
seed germination percentage, plant growth parameters, biomass, photosynthetic pigments (chl a,
chl b, total chlorophyll, and carotenoids), antioxidant enzymatic and non-enzymatic activity, and
reduced oxidative stress. The findings also showed that Fe application reduced the oxidative stress
including malondialdehyde content and hydrogen peroxide, by increasing the antioxidant enzymatic
activity, i.e., catalase, ascorbate peroxidase, superoxide dismutase, peroxidase, glutathione peroxidase,
2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH), and non-enzymatic antioxidant compounds (proline,
amino acid, total soluble protein, phenolics, flavonoids, reducing-non-reducing sugar, and carbohy-
drates) in all cultivars of O. sativa. Furthermore, FeSO4 induced a significant increase in proline, free
amino acid, and total carbohydrates in the leaves of all O. sativa cultivars, but Basmati-198 showed
the significantly highest content by 169, 88, and 110%, respectively, at concentration of 500 mM.
The present research work showed that soil application of FeSO4 improved the seed germination,
plant growth, and antioxidants enzymatic and non-enzymatic activity, denatured the ROS (reactive
oxygen species) in alkaline soil. In order to understand the underlying mechanisms, long-term field
investigations should be carried out at the molecular level to examine patterns of iron uptake and
plant growth.

Keywords: biofortification; micronutrient; iron; Oryza sativa L.; antioxidants; oxidative stress markers

1. Introduction

Rice (Oryza sativa L.) is the best targeted and recommended crop for biofortification be-
cause it is one of the most consumed crops. Most countries commonly use rice as a source of
nutrition [1]. According to a global synthesis, rice paddy soils are a quantitatively important
carbon store. Additionally, the management of nutrients and crop residues had an effect on
soil chemical and microbiological activity, which directly affects soil organic carbon and
interacts with nutrient cycling [2]. For optimum growth, plants require a variety of vital
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micronutrients, such as iron (Fe), manganese (Mn), boron (B), chloride (Cl), copper (Cu),
molybdenum (Mo), nickel (Ni), and zinc (Zn) [3]. Malnutrition is a serious issue in develop-
ing countries, especially in Asia and Africa, where it affects millions of people [4]. Because
they are fully dependent on plant-based diets that are high in carbohydrates but low in
micronutrients [5]. Malnutrition was made worse by the consumption of high-yielding but
low-micronutrient crops [6]. Micronutrients such as Zn, Fe, and Se are essential for many
critical processes, including cognition, development, the immune system, and maintaining
antioxidant activity [7]. Therefore, it is important to provide micronutrients to crops in
order to reduce micronutrient malnutrition globally [8]. According to some research, iron
insufficiency is the most prevalent micronutrient imbalance in human populations [9]. Fe is
important for a variety of processes, including DNA synthesis, respiration, photosynthesis,
the electron transport chain, and nitrogen reduction but is a scarce nutrient for plants in
alkaline soil [10]. These nutrients are very important for development and plant growth,
as well as for stress tolerance and innate immunity because they are involved in many
metabolic processes [11]. Alkaline soils account for 30% of the Earth’s surface and have low
levels of micronutrients that are readily available to plants, such as iron, because the iron
absorption genes and gene products are ineffective at an alkaline pH [12]. Iron deficiency
affects the crop yield and productivity [13]; plants’ ability to withstand biotic [14] and
abiotic stresses has been linked to the amount of micronutrients they can absorb [15].

People who are unable to buy additional micronutrient-rich products for a balanced
diet are particularly prone to micronutrient deficits [16]. To cope with this problem, many
studies offer particular recommendations that could contribute to the management of
micronutrient application optimization in contemporary crop production [8,17]. Iron is
primarily obtained from plants, either directly as staple crops or indirectly as animal
feed. A long-term solution to iron deficiency is biofortification, which involves raising the
iron content of edible plant parts and is recommended due to its sustainability and cost
effectiveness [18,19].

In rice plants, the significantly more evidence of the strategy of using fertilizer and
its impact on the micronutrients of grain was found [20]. The growth of rice plants was
markedly increased by the application of iron conditions [21]. The positive effect of iron
(Fe) applied to the leaves on morphological and biochemical activities of plants (leaf
length, leaf fresh, dry weights, root fresh, and dry weights), while total soluble solids (TSS)
and essential oil contents) were significantly affected [22]. The application of Fe to the
leaves increased grain yield by 7.2%, increased peroxidase (POD), superoxide dismutase
(SOD), and catalase (CAT), and increased net photosynthesis by 19.3% [23]. Previous
studies showed that maize leaves and bean roots under iron-deficient conditions showed
an increased in lipid peroxidation maize leaves (iron-deficient) [24,25]. Iron deficiency
decreased hydroxyl radical (•OH) but increased superoxide anion [26].

Due to present issues in agriculture imposed by the present situation of population
increase and undernourishment, to ensure food and nutritional security [27], it is essential
to find techniques that can increase the concentration of Fe in cereal crops. The purpose of
the study was to investigate the relative effectiveness of method of applying iron, treat iron
deficiency, and increase iron content. The long-term objective of this research is to provide
innovative approaches for increasing agricultural yield on alkaline soils that are prone to Fe
deficiency. This information might potentially enable the manipulation of these systems to
raise the Fe concentrations in edible parts of the plants for food biofortification. Therefore,
the goal of the current study is to reduce the iron deficit in four cultivars of O. sativa
Basmati-198, Basmati-515, PK-386, and KSK-133. We designed the current experiment to
assess how different iron treatments affect rice growth, photosynthetic activity, antioxidant
responses, oxidative stress, amino acids, and iron uptake.
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2. Material and Methods
2.1. Experimental Design

Certified rice seeds (Oryza sativa L.) of four different cultivars; (Basmati-198, Basmati-
515, PK-386, and KSK-133) were obtained from the Rice Research Centre, Kala Shah Kaku.
Two fine Basmati varieties were chosen for this study based on their iron content. According
to our previous study, two Basmati varieties, Basmati-515 and Basmati-198, have the
highest and lowest iron contents of 22.0 and 14.1 ppm, respectively, while PK-386 had
19.0 ppm [28]. KSK-133, a coarse variety with high yields and extra-long grains, was
chosen. Pot experiments were carried out in Botanical Garden of the University of the
Punjab, Lahore, in 2021 and 5–6 seeds were planted in each pot. The experimental area of
Punjab University stands between 31◦29′57.78” N latitude and 74◦17′58.60” E longitude
and has a moderate climate. A freshly prepared 5% sodium hypochlorite solution was
used to surface sterilize the seeds. All seeds were soaked in it for 30 min, followed by three
rinses with distilled water. Seeds were grown in plastic pots under natural environmental
conditions after radicles emerged, and the germination period for the soil experiment was
2 July 2021 (day temperature: 36 ◦C and night temperature: 27 ◦C). A randomized complete
block design (RCBD) was used in this experiment with six replications and contained five
treatments (100, 200, 300, 400, and 500 mM) of iron sulfate (FeSO4) along with control as
shown in Figure 1. The soil used in this study had the following physio-chemical properties:
EC (0.60 dS m−1), pH 7.5, organic matter content 0.2%, available phosphorus (3.1 mg kg−1)
3.5, available potassium (62 mg kg−1), iron (3.16 mg kg−1), saturation 24%, and a silty loam
texture. After the application of FeSO4. The pH of the soil decreased slightly after FeSO4
application but remained constant at pH 7.5 throughout the experiment when sodium
carbonate was added. Potassium and phosphorus decreased when the pH was changed to
acidic, but iron content increased to 3.9 mg kg−1.
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Figure 1. Assignment of pots according to the randomized complete block design (RCBD). In all cases,
a design placed with 5 treatments (100, 200, 300, 400 and 500 mM) of FeSO4 along with control in
alkaline soil (pH 7.5) for four cultivars of O. sativa, including PK-386 (A), Basmati-515 (B), Basmati-198
(C) and KSK-133 (D).

2.2. Determination of Morphological Data

Plants were harvested 25 days following sowing in order to collect morphological
data. To accomplish this, distilled water is used to clean the harvested plants of dust and
dirt. Plant height (cm), root and shoot length (cm), root and shoot fresh weight (g), root
and shoot dry weight (g) were measured as morphological parameters. Seed germination
percentage was determined by using the method of [29].
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2.3. Determination of Relative Water Contents (RWC%)

Using the procedure of [30], the relative water contents were measured. Fresh leaves
were weighed and they were subsequently immersed in 10 mL distilled water for 24 h,
then turgid weight was observed. After oven drying at 70 ◦C, dried weight was measured
by formula:

RWC (%) = [Wf (fresh weight) −Wd (dry weight)/(Wt (turgid weight) −Wd (dry weight)] × 100

2.4. Determination of Photosynthetic Pigments (Chlorophylls and Carotenoids)

Fresh leaf from each plant in each treatment was used to estimate the total chlorophyll
and carotenoids content. Each plant’s fresh leaf mass, weighing 0.1 g, was submerged
in falcon tubes filled with 95% ethanol. The leaves were kept at room temperature and
incubated for 48 h in the dark. The absorbance of the extracts was then measured us-
ing a spectrophotometer at 663, 645, and 480 nm. The procedures described by [31,32],
respectively, were used to measure the content of chlorophyll and carotenoids.

2.5. Determination of Antioxidant Enzymatic Activities

Fresh plant tissue (root and leaf) weighing 0.2 g was obtained, and extraction was
done in liquid nitrogen and phosphate buffer (pH 7.0). Then, extract was centrifuged for
20 min at 4 ◦C at 12,000 rpm. Supernatants were discarded, and enzyme extracts were
stored in additional Eppendorf tubes and kept in a −20 ◦C refrigerator for biochemical and
antioxidant analyses. The rate of H2O2 degradation at 240 nm was used to measure catalase
activity. A measure of 25 µL of enzyme extracts was added to 50 mM PBS reaction mixture
(pH 7.4), and 15 mM H2O2 by method of [33]. According to [34], the activity of ascorbate
peroxidase (APX) was evaluated. For assessing APX activity, a solution comprising enzyme
extract of 100 µL, 7.5 mM ascorbate, 300 Mm of H2O2, and 25 mM potassium phosphate
buffer was used. The fluctuations in wavelength at 290 nm were used to predict the
ascorbate oxidation pattern.

The method [35] was used to measure the POD activity in O. sativa by measuring
absorbance at 470 nm. SOD activity in the root and leaf of O. sativa was determined by
the method of [36]. GPX was determined by using the [37] method, which involved the
oxidation of guaiacol. Using a spectrophotometer, variations in absorbance at 460 nm were
measured every 10 s for 60 s. In 70 mL of ethanol, 2 mg of total DPPH was dissolved, and
the mixture was agitated for 24 h [38]. Next, combine 3 mL of DPPH and 1 mL of water
extract in a tube, and then use a spectrophotometer to record the reading (517 nm). DPPH
activity was determined using [39].

2.6. Determination of Oxidative Stress

To evaluate the H2O2 content, 3 mL of sample extract, 1 mL of H2SO4, and 0.1%
titanium sulphate were mixed, then centrifuged (6000× g) for 15 min. At 410 nm, the
absorbance was measured. The procedure of [40] was used to measure the amount of
H2O2.

The amount of malondialdehyde (MDA) was used to measure the extent of lipid
peroxidation. For this method, phosphate buffer (50 mM) of pH 7.8 with 1% polyethylene
pyrrole was used to grind 0.1 g of frozen roots and leaves to centrifuging the mixture at
10,000× g for 15 min at 4 ◦C. According to [41], the amount of MDA was determined using
corrected absorbance and an extinction value of 155 nM−1 cm−1.

2.7. Statistical Analysis

SPSS 22.0 was used for the statistical analysis of the data, and the analysis of variance
(ANOVA) was used for multiple treatment comparisons, the least significant difference test
(p < 0.05) was used. Origin-Pro 2017 was used to create the graphical presentation.
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3. Results
3.1. Effect of FeSO4 on Morphological Parameters in Four O. sativa Cultivars

In the present research work, we elucidated various growth parameters under various
levels (100, 200, 300, 400, and 500 mM) of FeSO4 in alkaline soil of pH 7.5 in four cultivars.
We illustrate the different morphological characteristics of each rice cultivar in Figure 2 and
leaf area in Figure 3A. Present results showed that all morphological parameters (plant
height, shoot and root length, root and shoot dry weight, root and shoot fresh weight, and
germination rate) in all cultivars were increased with the increase in the levels of FeSO4 in
comparison to control. Plant height reached its maximum at 500 mM, with 45.5, 39, 44, and
47.2% in Basmati-515, KSK-133, PK-386, and Basmati-198, respectively, Figure 2A.

Sustainability 2022, 14, x FOR PEER REVIEW 5 of 16 
 

 

2.7. Statistical Analysis 
SPSS 22.0 was used for the statistical analysis of the data, and the analysis of variance 

(ANOVA) was used for multiple treatment comparisons, the least significant difference 
test (p < 0.05) was used. Origin-Pro 2017 was used to create the graphical presentation. 

3. Results 
3.1. Effect of FeSO4 on Morphological Parameters in four O. sativa Cultivars 

In the present research work, we elucidated various growth parameters under vari-
ous levels (100, 200, 300, 400, and 500 mM) of FeSO4 in alkaline soil of pH 7.5 in four cul-
tivars. We illustrate the different morphological characteristics of each rice cultivar in Fig-
ure 2 and leaf area in Figure 3A. Present results showed that all morphological parameters 
(plant height, shoot and root length, root and shoot dry weight, root and shoot fresh 
weight, and germination rate) in all cultivars were increased with the increase in the levels 
of FeSO4 in comparison to control. Plant height reached its maximum at 500 mM, with 
45.5, 39, 44, and 47.2% in Basmati-515, KSK-133, PK-386, and Basmati-198, respectively, 
Figure 2A. 

 
Figure 2. Effect of different FeSO4 concentrations (0, 100, 200, 300, 400, and 500 mM) on the morpho-
logical characteristics of Oryza sativa (cultivars), namely total plant height (A), shoot and root length 
(B,C), root dry weight and fresh weight (D,E), shoot dry and shoot fresh weight (F,G), and germi-
nation percentage (H). Different small letters above the bars denote significant differences, deter-
mined by Duncan’s multiple test. Data presented are the average of six replicates (n = 6). Error bars 
represent the standard deviation (SD) of six replicates. 

0 100 200 300 400 500
0

20

40

60

80

100

120

g
ef g e e

cd
d dde dcd

dede
bc cd

 

 

Pl
an

t h
ei

gh
t (

cm
)

Basmati-515
 KSK-133
 PK386
 Basmati-198

ab
b c

dee

a

d
eef

A

0 100 200 300 400 500
0

5

10

15

20

25

30
B

h
cd c c  c

bc b

g
 e dede

ff d d
bc

a

Sh
oo

t l
en

gt
h 

(c
m

) abbbcc
 d

de f

0 100 200 300 400 500
0

2

4

6

8

10

12

14

d

C

gf f ef eee dde
 dd cdcd cd cd c  c c c bc bc

R
oo

t l
en

gt
h 

(c
m

) a
b

0 100 200 300 400 500
0.0

0.2

0.4

0.6

0.8

fg

D

hi

e
d

ghgh
fg fg

efefe e  e de de d
c

 de
cd d cd bcb

R
oo

t d
ry

 w
ei

gh
t (

g)
a

0 100 200 300 400 500
0.0

0.5

1.0

1.5

2.0

2.5

3.0

cd cd
 e d

E

fgfg

ihi
hghfgfg fg

efef de de
d dcd c c

R
oo

t f
re

sh
 w

ei
gh

t (
g)

a
b

0 100 200 300 400 500
0.0

0.7

1.4

2.1

2.8

3.5 F

hi hh h

g g
f

de

efede e e
de

d dd
cd cc

bcb

Sh
oo

t d
ry

 w
ei

gh
t (

g)

a

f

0 100 200 300 400 500
0

1

2

3

4

5

 e

G

 d

j hii
h gh  g  f

de
ef gh

de
c

de
c

cdc
de

bc bc bb

Sh
oo

t f
re

sh
 w

ei
gh

t (
g)

Fe Treatment (mM)

a

0 100 200 300 400 500
0

20

40

60

80

100

120 H

decd  dd cd
d

dc bc  cbc  c ab  bbcbc b  b ab abab a ab ab a

G
er

m
in

at
io

n 
(%

)

Fe Treatment (mM)

Figure 2. Effect of different FeSO4 concentrations (0, 100, 200, 300, 400, and 500 mM) on the mor-
phological characteristics of Oryza sativa (cultivars), namely total plant height (A), shoot and root
length (B,C), root dry weight and fresh weight (D,E), shoot dry and shoot fresh weight (F,G), and
germination percentage (H). Different small letters above the bars denote significant differences,
determined by Duncan’s multiple test. Data presented are the average of six replicates (n = 6). Error
bars represent the standard deviation (SD) of six replicates.

Similarly, among all FeSO4 levels, the highest level of 500 mM produced significant
high results in all other parameters (shoot and root length, root and shoot dry weight, root
and fresh weight, and germination rate). Furthermore, results showed that Basmati-198
showed more significant results for the iron treatment in comparison to the other varieties
Basmati-515, KSK-133, and PK-386 at all levels of FeSO4 in the alkaline soil. However, the
germination percentage was not significantly different in Basmati-198 and Basmati-515 at
all levels. Both showed the highest percentage, with 99 and 98%, respectively, in Figure 2H.

3.2. Effect of FeSO4 on Leaf Area, Relative Water Content, and Photosynthetic Contents

In this study, we also elucidated relative water content and photosynthetic pigments
under various levels of FeSO4 in cultivars of O. sativa in Figure 3. Our results showed
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that increasing concertation of FeSO4 induced the increase (p < 0.05) in the photosynthetic
pigments. Relative water content peaked at 500 mM, with 12.85, 13, 13, and 12.5% in
Basmati-515, KSK-133, PK-386, and Basmati-198, respectively, in comparison to their relative
control in Figure 3B. No significant difference was observed between Basmati-198 and
Basmati-515 at the levels of 400 and 500 mM.
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Figure 3. Effect of different FeSO4 concentrations (0, 100, 200, 300, 400, and 500 mM) on the leaf
area, relative water content, and photosynthetic pigment of O. sativa (cultivars), namely leaf area (A),
relative water content (B), chlorophyll a (C), chlorophyll b (D), total chlorophyll (E), and carotenoids
(F). Different small letters above the bars denote significant differences, determined Duncan’s multiple
test. Data presented are the average of six replicates (n = 6). Error bars represent the standard
deviation (SD) of six replicates.

Similarly, among all FeSO4 levels, the highest levels of 300, 400, and 500 mM produced
significant high chlorophyll content in all O. sativa. Furthermore, carotenoids in KSK-133
were significantly low in comparison to all other cultivars while significantly high when
compared with their relative control plants at all levels of FeSO4. At the level of 100 mM,
carotenoids were increased by 12.3% in iron-treated plants, while 57, 102, 176, and 226%
increases were observed at the other levels of 200, 300, 400, and 500 mM, respectively, in
KSK-133 Figure 3F.

3.3. Influence of FeSO4 on Antioxidant Enzymes in Four O. sativa Cultivars

In the current work, we also assessed the antioxidant enzymes from leaves and roots
of all cultivars grown in alkaline soil with the application of FeSO4. Figure 4 illustrates
the findings of the antioxidants including catalase (CAT), ascorbate peroxidase (APX),
peroxidase (POD), and superoxide dismutase (SOD) from the roots and leaves of O. sativa
cultivars and glutathione peroxidase (GPX) in Figure 5. The findings also revealed that
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increasing the concentration of FeSO4 caused a significant (p < 0.05) increase in CAT activity
even at a small concentration of 100 mM by 98 and 152% in leaves and roots, respectively.
At all FeSO4 levels in the alkaline soil, Basmati-198 outperformed the other cultivars,
Basmati-515, KSK-133, and PK-386. As CAT activity increased in Basmati-198, increase in
all other antioxidant activities, including APX (69 and 55%), POD (86 and 166%), and SOD
(108 and 133%), GPX (143 and 97%) was observed in leaves and roots at a level of 500 mM
(Figures 4 and 5A).
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Figure 4. Effect of different FeSO4 concentrations (0, 100, 200, 300, 400, and 500 mM) on the antioxidant
enzymes in the leaves and roots of O. sativa (cultivars), namely CAT activity in leaf (A), and root
(B), APX activity in leaf (C) and root (D), POD activity in leaf (E) and root (F), SOD activity in leaf
(G) and root (H). Different small letters above the bars denote significant differences, by Duncan’s
multiple test. Data presented are the average of six replicates (n = 6). Error bars represent the standard
deviation (SD) of six replicates.

3.4. Effect of FeSO4 on DPPH and Oxidative Stress in Roots and Leaves of Four O.
sativa Cultivars

Oxidative stress, such as malondialdehyde (MDA) content, hydrogen peroxide (H2O2),
and total antioxidants (DPPH) were also measured in the present research work. The
results about DPPH, MDA, and H2O2 in O. sativa cultivars grown in alkaline soil with
different iron treatments are shown in Figure 5. We also elucidated that the increase in the
concentration of FeSO4 from 100 to 500 mM significantly increased the DPPH by 45, 50, 42,
and 36.6% in the leaves of Basmati-515, KSK-133, PK-386, and Basmati-198 in Figure 5C,
and at the level of 400 and 500 mM with the value of 45 and 36.6% in Basmati-515 and
Basmati-198, respectively. Similarly, among all O. sativa cultivars, DPPH activity in roots
was high in Basmati-198 by 54% in Figure 5D.



Sustainability 2022, 14, 16845 8 of 16Sustainability 2022, 14, x FOR PEER REVIEW 8 of 16 
 

 

 
Figure 5. Effect of different FeSO4 concentrations (0, 100, 200, 300, 400, and 500 mM) on the antioxi-
dant and oxidative stress markers in leaves and roots of O. sativa cultivars), namely GPX in leaf (A), 
and in root (B), DPPH in leaf (C), and root (D), H2O2 in leaf (E), and root (F), MDA in leaf (G), and 
root (H). Different small letters above the bars denote significant differences, determined by Dun-
can’s multiple test. Data presented are the average of six replicates (n = 6). Error bars represent the 
standard deviation (SD) of six replicates. 

3.4. Effect of FeSO4 on DPPH and Oxidative Stress in Roots and Leaves of Four O. sativa 
Cultivars 

Oxidative stress, such as malondialdehyde (MDA) content, hydrogen peroxide 
(H2O2), and total antioxidants (DPPH) were also measured in the present research work. 
The results about DPPH, MDA, and H2O2 in O. sativa cultivars grown in alkaline soil with 
different iron treatments are shown in Figure 5. We also elucidated that the increase in the 
concentration of FeSO4 from 100 to 500 mM significantly increased the DPPH by 45, 50, 42, 
and 36.6% in the leaves of Basmati-515, KSK-133, PK-386, and Basmati-198 in Figure 5C, 
and at the level of 400 and 500 mM with the value of 45 and 36.6% in Basmati-515 and 
Basmati-198, respectively. Similarly, among all O. sativa cultivars, DPPH activity in roots 
was high in Basmati-198 by 54% in Figure 5D. 

A decrease in oxidative stress in O. sativa cultivars is shown in Figure 5E–H. From 
the given results, we also elucidated that H2O2 and MDA content decreased significantly 
by increasing in the concentration of FeSO4 in plant tissue of all cultivars in comparison 
to control or treated with low concentration of iron. H2O2 significantly reduced by 56, 60, 
54, and 66% in the leaves of Basmati-515, KSK-133, PK-386, and Basmati-198 at the con-
centration of 500 Mm in Figure 5E. FeSO4 in the roots reduced significantly by 61, 51, 47, 
and 66% in the leaves of Basmati-515, KSK-133, PK-386, and Basmati-198 in Figure 5F at 
highest concentration (500 mM) of FeSO4. Similarly, the highest concentration (500 mM) 
of FeSO4 reduced MDA in the leaves and roots of O. sativa cultivar Basmati-198 by 62 and 
57%, respectively. 

0 100 200 300 400 500
0.00

0.02

0.04

0.06

0.08

0.10

hi h h hgh gh ghg g g fg fg g

A

ff f e ede d
c bcb

G
PX

 a
vt

iv
ity

 (U
 g

-1
 P

)

Basmati-515
 KSK-133
 PK386
 Basmati-198

a

0 100 200 300 400 500
0.0

0.1

0.2

0.3

ghg g g ggfg fg ff
e de dd

c c cc
bc bb bab a B

G
PX

 a
vt

iv
ity

 (U
 g

-1
 P

)

0 100 200 300 400 500
0

10
20
30
40
50
60
70
80
90

100 C

i i
g g

f
efef e e e e

de dcd cd c c cab aba a a a

D
PP

H
 (%

)

0 100 200 300 400 500
0

10

20

30

40

50

60

70

80

h
h

gh
g g fgf f f f e

d
de d d

c c cd cd
cbc b b

a D

D
PP

H
 (%

)

0 100 200 300 400 500
0

4

8

12

16
E

ijiji hhhhghh ghgh
g

g
fd d

cdcd c
bc

bc b
a a

H
2O

2 (µ
m

ol
 g

-1
 F

W
)

0 100 200 300 400 500
0.0

0.2

0.4

0.6

0.8

1.0

gg
fff f

eee
de dedd

c c ccc
bcbcb bb

a F

H
2O

2 (µ
m

ol
 g

-1
 F

W
)

0 100 200 300 400 500
0

3

6

9

12

15
G

h
ggg

f fgfff
ef ef

ede d d
cc

bc bc
b bb b

a

M
D

A
 (n

m
ol

 g
-1
 F

W
)

Fe Treatment (mM)
0 100 200 300 400 500

0

2

4

6

ihi hhg
h

gh ghgh
efff

efe de ded cd cd
cbb ba H

M
D

A
 (n

m
ol

 g
-1
 F

W
)

Fe Treatment (mM)

Figure 5. Effect of different FeSO4 concentrations (0, 100, 200, 300, 400, and 500 mM) on the antioxidant
and oxidative stress markers in leaves and roots of O. sativa cultivars), namely GPX in leaf (A), and
in root (B), DPPH in leaf (C), and root (D), H2O2 in leaf (E), and root (F), MDA in leaf (G), and root
(H). Different small letters above the bars denote significant differences, determined by Duncan’s
multiple test. Data presented are the average of six replicates (n = 6). Error bars represent the standard
deviation (SD) of six replicates.

A decrease in oxidative stress in O. sativa cultivars is shown in Figure 5E–H. From
the given results, we also elucidated that H2O2 and MDA content decreased significantly
by increasing in the concentration of FeSO4 in plant tissue of all cultivars in comparison
to control or treated with low concentration of iron. H2O2 significantly reduced by 56,
60, 54, and 66% in the leaves of Basmati-515, KSK-133, PK-386, and Basmati-198 at the
concentration of 500 Mm in Figure 5E. FeSO4 in the roots reduced significantly by 61, 51,
47, and 66% in the leaves of Basmati-515, KSK-133, PK-386, and Basmati-198 in Figure 5F at
highest concentration (500 mM) of FeSO4. Similarly, the highest concentration (500 mM) of
FeSO4 reduced MDA in the leaves and roots of O. sativa cultivar Basmati-198 by 62 and
57%, respectively.

3.5. Effect of FeSO4 on Non-Enzymatic Antioxidants in Leaves of Four O. sativa Cultivars

In the current study, we also identified certain non-enzymatic activities of O. sativa
cultivars when different iron concentrations were applied, containing total carbohydrates,
free amino acids, proline, soluble sugar, reducing and non-reducing sugar, phenolic, and
flavonoids. The data related to all antioxidants are presented in Figure 6. The findings
demonstrated that all non-antioxidant activities significantly increased with increasing
FeSO4 concentration. We further determined from the results that the increasing FeSO4
concentration caused a significant increase in soluble sugars by 160, 206, 172, and 120%
in the leaves of Basmati-515, KSK-133, PK-386, and Basmati-198 at the level of 500 mM in
Figure 6A. Reducing and non-reducing sugar also showed the same pattern in increasing
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sugar level by increasing iron treatment. Among all the varieties, Basmati-198 showed
the highest average of reducing and non-reducing sugar by 246 and 134%, respectively,
Figure 6B,C.
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Figure 6. Effect of different FeSO4 concentrations (0, 100, 200, 300, 400, and 500 mM) on the non-
antioxidant activities in the leaves of O. sativa (cultivars), namely soluble sugar (A), reducing sugar
(B), non-reducing sugar (C), flavonoids (D), phenolics (E), proline (F), free amino acid (G), total
carbohydrates (H). Different small letters above the bars denote significant differences, investigated
by Duncan’s multiple test. Data presented are the average of six replicates (n = 6). Error bars represent
the standard deviation (SD) of six replicates.

Flavonoid content increased significantly in all O. sativa cultivars at the level of 400
and 500 mM, Figure 6D. Furthermore, phenolic content increased by 14, 200, 266, and 166%
in Basmati-515, KSK-133, PK-386, and Basmati-198, respectively, Figure 6E. Similarly, the
highest concentration of FeSO4 induced a significant increase in proline, free amino acid,
and total carbohydrates in the leaves of all O. sativa cultivars, but Basmati-198 showed the
highest by 169, 88, and 110%, respectively, when compared with those plants which are
iron deficient or treated with low concentration of iron Figure 6F–H.

4. Discussion

At least one of the following micronutrients—iron, zinc, selenium, calcium, and
vitamins—is deficient in people. Undernutrition and micronutrient deficiencies make a
significant contribution in burden of diseases around the world [42]. Fe and Zn, which
are two necessary minerals for health, are the most common micronutrient deficiencies
globally [43]. Globally, alkaline soil, as well as those with anaerobic conditions, exhibit mi-
cronutrient shortages [44]. Depending on the soil type and soil pH, different micronutrient
amounts are required [45,46]. According to [47], soils in humid climates are typically acidic
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with low pH, whereas soils in arid climates are typically alkaline with high soil pH. One
of the key elements influencing plant nutrient availability [48], microbial activity [49,50],
and crop growth [51,52] is soil pH [53]. Several of the responses associated with Fe defi-
ciency are increased by alkalinity, even when plants have a regular supply of iron [54] and
Fe deficiency was the main abiotic stresses [55,56] that reduced the yield and quality of
crops [57].

Our current findings revealed that plants with low levels of Fe, significantly decreased
in plant height, shoot and root fresh and dry weight, germination percentage, leaf chloro-
phyll content, carotenoid content, antioxidants, amino acids and carbohydrates, while
oxidative stress was significantly increased in all O. sativa cultivars (Figures 2–6). Nu-
merous studies have also identified a decline in growth-related characteristics of O. sativa
cultivars [23], which our current investigation also revealed in Figures 2 and 3. Another
study reported that plants were grown under the application of zinc and iron enhanced
the plant growth parameters by decreasing the oxidative stress. With NP, especially at
higher NP rates, plant height, panicle length, shoot, root, panicle, and grain dry weight
all rose [58]. Under Fe deficient conditions, chl a, chl b, total chlorophyll, and carotene
content significantly decreased as in Figure 3. Plants contain Fe in their photosynthetic
cells. Therefore, by an iron shortage, the constituent proteins of chloroplasts are adversely
affected, resulting in chlorotic plant leaves and decreased photosynthetic efficiency in
photosynthetic cells [59]. By applying various treatments of FeSO4, the morphological and
photosynthetic characteristics primarily demonstrated positive results (Figure 3). This is
because plants need iron for optimal growth and development, as well as because their
metabolism depends on it for both enzymatic and metabolic processes [60]. Seed germi-
nation percentage was high at the highest level of FeSO4 (400 and 500 mM) in all rice
cultivars. In rice and maize, 500 ppm of nanoscale Fe2O3 treatment resulted in the highest
seed germination percentage (100%) and seedling vigor index values [61].

As shown by [62], there was an increase in total chlorophyll and carotenoid content.
Another study reported a similar finding that the application of micronutrients such as Zn,
Fe, Mn, and Cu in wheat varieties shows a significant increase in crop growth rate, plant
height, and yield. This result also suggests that during the growth, the application of FeSO4
improved photosynthesis pigments (chlorophyll and carotenoid contents) [63].

At the highest concentration (500 mM), chlorophyll content was significantly high in
all O. sativa cultivars. Iron is involved in the synthesis of chlorophyll, and it is essential
for the maintenance of chloroplast structure and function [10,64–66]. According to [67],
plant height, productive tillers, and yield were increased significantly with the treatment of
Zn and Fe levels compared to control. In contrast to our findings, another study reported
that protein content increased but fiber and water content significantly decreased with an
increase in the iron and phosphorus fertility rates in wheat [68].

Plants in stressful conditions display an imbalance of free radicals and a dysregulated
reactive oxygen metabolism, which leads to the buildup of ROS, which in turn causes
and accelerates lipid peroxidation and culminates in the breakdown of membrane in-
tegrity [69,70]. In the present study, an integrative overview of antioxidant enzymatic (CAT,
APX, POD, SOD, GPX, DPPH) and non-enzymatic activity (proline content, free amino
acids, soluble sugar, reducing and non-reducing sugar, flavonoids, total soluble protein,
phenolics, and total carbohydrates) showed that iron deficiency causes an increase in oxida-
tive damage. To deal with this situation, the use of FeSO4 increased antioxidant enzymatic
and non-enzymatic activity (Figures 4–6). The signaling molecules for oxidative stress were
proposed to have the potential to stimulate the antioxidant machinery [71–74], which could
play a significant role in the Fe efficiency characteristic [75]. According to reports for many
crops, excessive reactive oxygen species (ROS) synthesis results in oxidative stress [76–81].
Both electron transfer to O2 and the production of free radicals such as O−2 and OH− to
produce singlet oxygen can contribute to this stress [82–84]. The species of the plant also
affects how it responds to oxidative stress. A number of antioxidant enzymes, including
as SOD, POD, CAT, and APX, help to reduce ROS [85]. The present study revealed that
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all antioxidants (CAT, APX, POD, SOD, GPX, DPPH), proline content, free amino acids,
soluble sugar, reducing and non-reducing sugar, flavonoids, total soluble protein, pheno-
lics, and total carbohydrates were also increased at an increasing level. The significant
increase was observed at the highest level (500 mM) of FeSO4 as compared to normal
(iron-deficient plants). Antioxidant activity rose in wheat leaves compared to control when
treated with micronutrients [85]. Additionally, SOD, POD, and CAT all contain Fe, which
has an impact on their biological functions [86–88]. SOD activity in the leaves and roots of
Fe-deficient plants somewhat increased, whereas POD and CAT and other activity in the
plants dropped by 52% and 35%, respectively, in comparison to the control. In comparison
to non-treated plants, MDA concentration rose in leaves and roots under iron deficiency.
However, Ref. [89] investigated that under high Fe deficiency condition, antioxidant enzy-
matic activities were decreased in plant tissue. As a result, antioxidant enzyme activity of
different plants varied towards Fe deficiency. Our current study revealed that the reactive
oxygen was disrupted as a result of Fe deficiency, consequential high accumulation of
MDA. These findings demonstrated that severe Fe deficiency reduced ability to scavenge
reactive oxygen species by increasing oxidative stress, which interfered with the normal
growth of O. sativa. Furthermore, according to our study, application of iron increased the
antioxidant enzymatic and non-enzymatic activity. All plants must have micronutrients
such as Fe in order to grow and develop. According to [90], iron is a crucial component
of most redox reactions, and it is essential for numerous cellular processes, proteins, and
structural and catalytic enzymes.

In addition to antioxidant enzymes non-enzymatic activity, we determined antioxi-
dant non-enzymatic activity (reducing and non-reducing sugar, soluble sugar, phenolic,
flavonoids, proline, free amino acid, and total carbohydrates) from the leaves of O. sativa
cultivars when different iron concentrations were applied (Figure 6). Common plant
natural compounds such as flavonoids have the ability to reduce oxidative stress and
inhibit ROS-related damage [91–94]. There is evidence that the content of total phenolics
and total flavonoids was raised by applying nano-Fe and Zn treatments to the leaves of
Rosmarinus officinalis [21]. In our study, the phenolic content increased by 14, 200, 266, and
166% in Basmati-515, KSK-133, PK-386, and Basmati-198, respectively (Figure 6E). The
phenolic compound content of pea plants was increased by foliar spraying them with
micronutrients, which are key phytochemical components with substantial antioxidant
potential [95]. Other non-enzymatic proteins, free amino acids, and carbohydrates were
also increased, and the significantly high results was noted at the high concentration of
500 mM. These findings are consistent with earlier research by [96], particularly at high
concentrations (3 g/L), which revealed an increase in total soluble protein and total soluble
carbohydrates in bean plants compared to controls with Zn and Fe. Our study showed
that Fe has a positive effect on plant growth, antioxidant enzymatic, and non-enzymatic
activity by decreasing oxidative stress because iron is essential for both plant productivity
and nutritional quality.

5. Conclusions

The above-mentioned findings lead to the conclusion that FeSO4 can be applied
externally to soil to counteract the deleterious effects of alkaline soil on soil iron content. The
present research work showed that soil application of FeSO4 improved seed germination,
plant growth, antioxidant enzymatic and non-enzymatic activity, and denatured the ROS
in alkaline soil. In comparison to all O. sativa cultivars, Basmati-198 showed significantly
higher results than others at a high concentration of 500 mM. It was found that rice
plants treated with 500 mM FeSO4 showed better results than plants treated with other
concentrations such as 100, 200, 300, and 400 mM. Iron sulfate, which likewise reduced
ROS, caused changes in the plants’ ultrastructure, and increased the activity of their
antioxidants Therefore, in order to understand the underlying mechanisms, long-term field
investigations should be carried out at the molecular level to examine patterns of iron
uptake and plant growth.
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