
agronomy

Article

Deciphering Plantago ovata Forsk Leaf Extract Mediated
Distinct Germination, Growth and Physio-Biochemical
Improvements under Water Stress in Maize (Zea mays L.)
at Early Growth Stage

Muhammad Nawaz 1,†, Xiukang Wang 2,*, Muhammad Hamzah Saleem 3,*,†, Muhammad Hafeez Ullah Khan 4 ,
Javaria Afzal 5,6 , Sajid Fiaz 7 , Sajjad Ali 8, Hasnain Ishaq 1, Aamir Hamid Khan 9, Nagina Rehman 10,
Shadab Shaukat 11 and Shafaqat Ali 12,13,*

����������
�������

Citation: Nawaz, M.; Wang, X.;

Saleem, M.H.; Khan, M.H.U.; Afzal, J.;

Fiaz, S.; Ali, S.; Ishaq, H.; Khan, A.H.;

Rehman, N.; et al. Deciphering

Plantago ovata Forsk Leaf Extract

Mediated Distinct Germination,

Growth and Physio-Biochemical

Improvements under Water Stress in

Maize (Zea mays L.) at Early Growth

Stage. Agronomy 2021, 11, 1404.

https://doi.org/10.3390/

agronomy11071404

Academic Editor: Ivan Francisco

Garcia Tejero

Received: 20 May 2021

Accepted: 12 July 2021

Published: 13 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Botany, Government College University, Faisalabad 38000, Pakistan;
muhammadnawaz@gcuf.edu.pk (M.N.); hasnain.official1@gmail.com (H.I.)

2 College of Life Sciences, Yan’an University, Yan’an 716000, China
3 College of Plant Science and Technology, Huazhong Agricultural University, Wuhan 430070, China
4 Key Laboratory of Soybean Molecular Design Breeding, Northeast Institute of Geography and Agroecology,

Chinese Academy of Sciences Address, 4888 Shengbei Street, Changchun 130102, China;
hafeezbiotech@webmail.hzau.edu.cn

5 Key Laboratory of Arable Land Conservation (Middle and Lower Reaches of Yangtze River), Ministry of
Agriculture and Rural Affairs, Huazhong Agricultural University, Wuhan 430070, China;
juvaria_afzal@outlook.com

6 Department of Soil Science, Sindh Agriculture University, Tandojam 70060, Pakistan
7 Department of Plant Breeding and Genetics, The University of Haripur, Haripur 22620, Pakistan;

sfiaz@uoh.edu.pk
8 Department of Botany, Bacha Khan University, Charsadda 24461, Pakistan; sajjadalibkuc@gmail.com
9 National Key Laboratory of Crop Genetic Improvement, College of Life Science and Technology,

Huazhong Agricultural University, Wuhan 430070, China; passaban786@outlook.com
10 Department of Zoology, Government College University Allama Iqbal Road, Faisalabad 38000, Pakistan;

nagina.zoologist@gmail.com
11 Department of Plant Breeding and Genetics, College of Agriculture, University of Sargodha,

Sargodha 40100, Pakistan; shadab_uaf@hotmail.com
12 Department of Environmental Sciences and Engineering, Government College University Allama Iqbal Road,

Faisalabad 38000, Pakistan
13 Department of Biological Sciences and Technology, China Medical University, Taichung City 40402, Taiwan
* Correspondence: wangxiukang@yau.edu.cn (X.W.); saleemhamza312@webmail.hzau.edu.cn (M.H.S.);

shafaqataligill@yahoo.com (S.A.)
† These authors contributed equally to this work.

Abstract: Use of Plantago ovata Forsk leaf (also known as blond plantain or isabgol) extract is a
novel approach for ameliorating water stress in various agronomic crops such as maize (Zea mays L.).
To examine the potential roles of P. ovata extract (0, 20 and 40%) in increasing seed germination,
plant growth, photosynthetic measurements, stomatal properties, oxidative stress and antioxidant
response, ions uptake and the relationship between studied parameters, we investigated the impacts
of its short-term seed priming on Z. mays L. elite cultivar “Cimmyt-Pak” under a control environment
and a water deficit stress environment (induced by PEG). It was evident that water deficit stress
conditions induced a negative impact on plant growth, stomatal properties and ion uptake in dif-
ferent organs of Z. mays. The decrease in growth-related attributes might be due to overproduction
of oxidative stress biomarkers, i.e., malondialdehyde (MDA) contents, hydrogen peroxide (H2O2)
initiation, and electrolyte leakage (%), which was also overcome by the enzymatic antioxidants, i.e.,
superoxidase dismutase (SOD), peroxidase (POD), catalase (CAT) and ascorbate peroxidase (APX)
and non-enzymatic antioxidants, which increased under the water stress environment. However,
seed priming with P. ovata extract positively increased germination rate and growth profile, and pro-
tected photosynthetic apparatus and stomatal properties by decreasing oxidative stress indicators
and increasing activities of antioxidant compounds. Our results also depicted that the optimum
concentration of P. ovata extract for Z. mays seedlings under water stress conditions was 20%, while a
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further increase in P. ovata extract (40%) induced a non-significant negative impact on growth and
biomass of Z. mays seedling. In addition, the effect was more promising on Z. mays seedlings when
grown under controlled conditions. Here, we concluded that the understanding of the role of seed
priming with P. ovata extract in the increment of growth-related attributes, photosynthetic apparatus
(Pn, Gs, Ts and Ci) and nutrient uptake (Ca2+, Fe2+, P and Mg2+) introduces new possibilities for
their effective use in water deficit stress environments and shows a promising foundation for Z. mays
tolerance against water deficit stress conditions.

Keywords: agronomic crop; antioxidant compounds; isabgol extract; nutrient uptake; oxidative
stress; drought stress

1. Introduction

Environmental variations due to abiotic stresses, such as drought, heat, cold and salin-
ity, adversely affect and limit agricultural productivity in developing countries including
Pakistan [1,2]. About 33% of the world’s agricultural land is facing water imbalance and
promoting drought vulnerability, which may drastically decrease the growth and yield
of cereal crops [3]. Abiotic stresses, such as drought, can lead to a number of alterations
in plant growth and composition, such as a decrease in growth-related attributes, affect-
ing photosynthetic machinery, which ultimately causes a reduction in the dry biomass
of the plant and the plant is unable to uptake to accumulate essential nutrients from the
soil [4–6]. The decline in photosynthetic pigments in the plant leaves and induced oxidative
stress indicators and disturbance in protein biosynthesis are factors that have negatively
affected plants with generations of reactive oxygen species (ROS) [7,8]. In addition, wa-
ter deficient conditions also depend upon the length of harvest of the plant, total water
contents in the soil, ecological growth factors and the specific type of plant [4,9]. By nature,
plants have enzymatic antioxidants, i.e., superoxidase dismutase (SOD), peroxidase (POD),
catalase (CAT) and ascorbate peroxidase (APX), non-enzymatic antioxidants (flavonoids,
phenolics, ascorbic acid and anthocyanin) and glyoxalase detoxification active mechanisms
to overcome the destructive damage [10–12]. A slow photosynthesis rate, less leaf expan-
sion, narrowing of stomata followed by blocking, ROS production and less transportation
are the significant drought driving factors that ultimately reduce crop production and
yield [5,13]. From preventing membrane degeneration, enzymes and macromolecule’s
lysis activation of the plant’s stress defensive mechanism is highly important for the
plant’s survival.

Zea mays (maize), Triticum aestivum (wheat) and Oryza sativa (rice) are the major staple
crops; among them, maize holds prime importance due to its different uses in the food and
feed industry [14]. As Zea mays is an important food crop, it is known to be a social security
for farmers [15]. Maize is an important feed and industrial source. Drought conditions
limit its sowing and production across the globe [16] and its yield has been compromised
by up to 25–30% in some fragile zones [17]. From 1980–2015, drought has reduced wheat
and maize yields by up to 21 and 40%, respectively [18]. According to previous studies,
loss in maize yield depends on drought intensity and the growth factors affected due to
it [19–21]. Drought induced at the seedling stage reduces plant biomass dramatically in
maize seedlings.

Accumulation of salts in the plant cell triggers water influx that is helpful to main-
tain the osmotic balance. Exogenously applied solutes may help out in these particular
conditions by promoting the endosmosis of water in the plant cell [22,23]. Various or-
ganic mixtures (consisting of a heterocyclic setup) actively play a crucial role in existing
conditions. Derivatives of heterocyclic thiazine are biologically present in biomolecules,
which exhibit antimycotic and antiviral properties as well as a growth regulators [24].
Changes in the protein content and late embryogenic abundant protein formation due
to priming treatment makes seeds more efficient and able to tolerate the drought [25].
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Activation of a number of cellular and molecular processes effectively reduces the effects
of various abiotic stresses after priming [25]. In the current scenario, the use of P. ovata
leaf extract is becoming more efficient for the priming purpose in tackling the effects of
the elevation of stresses in many agricultural crops [26,27]. Plantago ovata, also known
as ispaghula or desert Indianwheat, is a medicinal plant. It is used for the treatment of
intestinal disease and bowel habits [28]. Phytochemical studies of Plantago ovata have
determined the presence of various metabolites, such as alkaloids, caffeic acid derivatives,
coumarins, fats and oils, mucilage, polysaccharides, sterols and salicylic acid. A hypothesis
made is that P. ovata extract, as an agent against abiotic stress, may be studied in Zea mays
as a drought tolerant agent. The main objectives of this study were: (i) measurement of the
oxidative stress levels, activation of antioxidant mechanisms and ion uptake in maize in
water deficit conditions; (ii) investigation of the drought elevating impact of P. ovata extract
through seed priming in maize.

2. Materials and Methods
2.1. Site and Conditions

In this experiment, seeds of the elite maize variety “Cimmyt-Pak” were obtained from
the Ayyub Agricultural Research Institute, Faisalabad, Pakistan (AARI). The experiment
was conducted in Department of Botany, Government College University, Faisalabad,
Pakistan (Coordinates: 31.4162◦ N, 73.0699◦ E; Elevation m a.s.l.: 186). The collected seeds
were sterilized with bleaching powder and washed with distilled water. Plantago ovata leaf
extract solutions (0, 20 and 40%) were prepared for seed priming. The P. ovata leaves were
collected from the botanical garden, department of Botany, Government College University,
Faisalabad, Pakistan, where P. ovata has grown annually for research purposes for many
years. The leaves of P. ovata were washed carefully with distilled water and then dried and
crushed with the help of grinding machine. Then the filtrate (as it is water soluble) was used
for seed priming at various concentrations. For seed priming, seeds were soaked in P. ovata
extract for one night, then they were air dried to attain the original moisture. Fifteen seeds
were placed per plate covered with double layered filter paper with three replicates making
CRD (completely randomized design). Half of the petri plates were provided in PEG-
8000 solution to create water deficit experimental group and half were used as control
group free from PEG-8000. The standard full strength Hoagland’s solution with following
composition in µmol L−1 (Ca (NO3)2, 2000; KH2PO4, 100; KNO3, 3000; MgSO4, 1000;
H3BO3, 50; MnCl2·4H2O, 0.05; ZnSO4·7H2O, 0.8; CuSO4·5H2O, 0.3; H2MO4·H2O, 0.10;
FeNa-CA, 12.5) was used as nutrient solution and 10 mL of it was poured in every plate.
After planting the experiment by providing PEG-8000 and Hoagland’s solution, the water
level was maintained on daily basis. Upon germination, thinning was carried out to keep
eight healthy plants of same size and vigor in every plate. The germination data was
recorded for 10 days after sowing and plants were harvested for analysis three weeks
after germination.

2.2. Morphological Traits and Data Collection

All seedlings were rooted-up in July 2019 to study different growth, germination and
other morphological and physiological parameters. Analysis of different biological pa-
rameters were performed in Government College University, Pakistan. The leaf in each
treatment was picked at a rapid growth stage during 09:00–10:30 a.m. The sampled leaves
were washed with distilled water, immediately placed in liquid nitrogen and stored in
a freezer at low temperature (−80 ◦C) for further analysis. Germination index, time to
50% germination, coefficient of uniformity of emergence, mean germination time and
germination energy (E) was measured by following the method presented by Wiesner [29],
Coolbear et al. [30], Bewley and Black [31] and Ruan et al. [32]. Germination percentage
(%) was calculated by the following formula

G% = No. of germinated seeds/Total number of seeds × 100 (1)
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Stomata were counted at random in 30 visual sections on the abaxial epidermis,
and final tallies were used to calculate stomatal density. We used Image J software for
measuring stomatal lengths, widths, and apertures.

Plants in each treatment were harvested and separated into roots and shoots for
growth and morphology traits. Shoot length was defined as the length of the plant from
the surface growth medium line of the Petri dish to the tip of the uppermost shoot and
root length was also measured. Shoot fresh weight was measured with the help of a digital
weighing balance and root fresh weight was also measured. After that, plant samples were
oven dried for 1 h at 105 ◦C, then 65 ◦C for 72 h until the weight become uniform and
dry biomass was recorded. Roots were washed with distilled water and dipped in 20 mM
Na2EDTA for 15–20 min, washed thrice with distilled water and finally with deionized
water, and then oven dried for further analysis.

2.3. Determination of Photosynthetic Pigments and Gas Exchange Parameters

Leaves were collected for determination of their chlorophyll and carotenoid contents.
For chlorophylls, 0.1 g of fresh leaf sample was extracted with 8 mL of 95% acetone for
24 h at 4 ◦C in the dark. The absorbance was measured by a spectrophotometer (UV-2550;
Shimadzu, Kyoto, Japan) at 646.6, 663.6 and 450 nm. Chlorophyll content was calculated
by the standard method of Arnon [33].

Gas exchange parameters were also measured during the same days. Net photosyn-
thesis (Pn), leaf stomatal conductance (Gs), transpiration rate (Ts), and intercellular carbon
dioxide concentration (Ci) were measured from three different plants in each treatment
group. Measurements were conducted between 11:30 and 13:30 on days with clear sky.
Rates of leaf Pn, Gs, Ts and Ci were measured with a LI-COR gas exchange system (LI-
6400; LI-COR Biosciences, Lincoln, NE, USA) with a red-blue LED light source on the leaf
chamber. In the LI-COR cuvette, CO2 concentration was set as 380 mmol mol–1 and LED
light intensity was set at 1000 mmol m–2 s–1, which is the average saturation intensity for
photosynthesis in O. sativa [34].

2.4. Determination of Oxidative Stress Indicators

The degree of lipid peroxidation was evaluated as malondialdehyde (MDA) contents.
Briefly, 0.1 g of frozen leaves were ground at 4 ◦C in a mortar with 25 mL of 50 mM
phosphate buffer solution (pH 7.8) containing 1% polyethene pyrrole. The homogenate
was centrifuged at 10,000× g at 4 ◦C for 15 min. The mixtures were heated at 100 ◦C for
15–30 min and then quickly cooled in an ice bath. The absorbance of the supernatant was
recorded by using a spectrophotometer (xMark™ Microplate Absorbance Spectrophotome-
ter; Bio-Rad, Hercules, CA, USA) at wavelengths of 532, 600 and 450 nm. Lipid peroxidation
was expressed as l mol g−1 by using the formula: 6.45 (A532–A600)–0.56 A450. Lipid perox-
idation was measured by using a method previously published by Heath and Packer [35].

To estimate H2O2 content of plant tissues (root and leaf), 3 mL of sample extract was
mixed with 1 mL of 0.1% titanium sulfate in 20% (v/v) H2SO4 and centrifuged at 6000× g
for 15 min. The yellow color intensity was evaluated at 410 nm. The H2O2 level was
computed by extinction coefficient of 0.28 mmol−1 cm−1. The contents of H2O2 were
measured using the method presented by Jana and Choudhuri [36].

Stress-induced electrolyte leakage (EL) of uppermost stretched leaves was determined
by using methodology of Dionisio-Sese and Tobita [37]. The leaves were cut into minor
slices (5 mm length) and placed in test tubes having 8 mL distilled water. These tubes were
incubated and transferred into water bath for 2 h prior to measuring the initial electrical
conductivity (EC1). The samples were autoclaved at 121 ◦C for 20 min, and then cooled
down to 25 ◦C before measuring the final electrical conductivity (EC2). Electrolyte leakage
was calculated by the following formula

EL = (EC1/EC2) × 100 (2)
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2.5. Determination of Antioxidant Enzyme Activities

To evaluate enzyme activities, fresh leaves (0.5 g) were homogenised in liquid nitrogen
and 5 mL of 50 mmol sodium phosphate buffer (pH 7.0) including 0.5 mmol Ethylenedi-
aminetetraacetic Acid (EDTA) and 0.15 mol NaCl. The homogenate was centrifuged at
12,000× g for 10 min at 4 ◦C, and the supernatant was used for measurement of superoxi-
dase dismutase (SOD) and peroxidase (POD) activities. SOD activity was assayed in 3 mL
reaction mixture containing 50 mM sodium phosphate buffer (pH 7), 56 mM nitro blue
tetrazolium, 1.17 mM riboflavin, 10 mM methionine and 100 µL enzyme extract. Finally,
the sample was measured by using a spectrophotometer (xMark™ Microplate Absorbance
Spectrophotometer; Bio-Rad, Hercules, CA, USA). Enzyme activity was measured using a
method by Chen and Pan [38] and expressed as U g−1 FW.

POD activity in the leaves was estimated using the method of Sakharov and Ardila [39]
by using guaiacol as the substrate. A reaction mixture (3 mL) containing 0.05 mL of enzyme
extract, 2.75 mL of 50 mM phosphate buffer (pH 7.0), 0.1 mL of 1% H2O2 and 0.1 mL of 4%
guaiacol solution was prepared. Increases in the absorbance at 470 nm because of guaiacol
oxidation were recorded for 2 min. One unit of enzyme activity was defined as the amount
of the enzyme.

Catalase (CAT) activity was analyzed according to Aebi [40]. The assay mixture
(3.0 mL) was comprised of 100 µL enzyme extract, 100 µL H2O2 (300 mM) and 2.8 mL
50 mM phosphate buffer with 2 mM ETDA (pH 7.0). The CAT activity was measured from
the decline in absorbance at 240 nm as a result of H2O2 loss (ε = 39.4 mM−1 cm−1).

Ascorbate peroxidase (APX) activity was measured according to Nakano and Asada [41].
The mixture containing 100 µL enzyme extract, 100 µL ascorbate (7.5 mM), 100 µL H2O2
(300 mM) and 2.7 mL 25 mM potassium phosphate buffer with 2 mM EDTA (pH 7.0) was
used for measuring APX activity. The oxidation pattern of ascorbate was estimated from
the variations in wavelength at 290 nm (ε = 2.8 mM−1 cm−1).

2.6. Determination of Non-Enzymatic Antioxidants, Sugars and Proline Contents

Plant ethanol extracts were prepared for the determination of non-enzymatic an-
tioxidants and some key osmolytes. For this purpose, 50 mg of plant dry material was
homogenized with 10 mL ethanol (80%) and filtered through Whatman No. 41 filter paper.
The residue was re-extracted with ethanol and the two extracts were pooled together to
a final volume of 20 mL. The determination of flavonoids [42], phenolics [43], ascorbic
acid [44], anthocyanin [45] and total sugars [46] was performed from the extracts.

Fresh leaf material (0.1 g) was mixed thoroughly in 5 mL aqueous sulphosalicylic
acid (3%). The mixture was centrifuged at 10,000× g for 15 min and aliquot (1 mL)
was poured into a test tube having 1 mL acidic ninhydrin and 1 mL glacial acetic acid.
The reaction mixture was first heated at 100 ◦C for 10 min and then cooled in an ice
bath. The reaction mixture was extracted with 4 mL toluene and test tubes were vortexed
for 20 s and cooled. Thereafter, the light absorbance at 520 nm was measured by using
UV–VIS spectrophotometer (Hitachi U-2910, Tokyo, Japan). The free proline content
was determined on the basis of standard curve at 520 nm absorbance and expressed as
µmol (g FW)−1 [47].

2.7. Determination of Nutrient Contents

For nutrient analysis, plant roots and shoots were washed twice in redistilled water,
dipped in 20 mM EDTA for 3 s and then, again washed with deionized water twice for the
removal of adsorbed metal on plant surface. The washed samples were then oven dried for
24 h at 105 ◦C. The dried roots and shoots were digested by using wet digestion method
in HNO3: HClO4 (7:3 v/v) until clear samples were obtained. Each sample was filtered
and diluted with redistilled water up to 50 mL. The root and shoot contents of Fe2+, Mg2+,
Ca2+ and P were analyzed by using Atomic Absorption Spectrophotometer (AAS) model
Agilent 240FS-AA.
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2.8. Statistical Analysis

Statistical analysis of data was performed with analysis of variance (ANOVA) by
using a statistical program Co-Stat version 6.2, Cohorts Software, 2003, Monterey, CA,
USA. All the data obtained was tested by one-way analysis of variance (ANOVA). Thus,
the differences between treatments were determined by using ANOVA, and the least
significant difference test (p < 0.05) was used for multiple comparisons between treatment
means. Logarithmic or inverse transformations were performed for data normalization,
where necessary, prior to analysis. Pearson’s correlation analysis was performed to quantify
relationships between various analyzed variables. The graphical presentation was carried
out by using Origin-Pro 2017 (Systat Software Inc., San Jose, CA, USA). The RStudio was
used to calculate Pearson’s correlation. Furthermore, the plots of principal component
analysis and heatmap on T. aestivum parameters were carried out by using the RStudio.

3. Results
3.1. Germination and Post-Germinating Growth Characters

In the present study, we observed the effects of different regimes of P. ovata extract
through seed priming of a maize cultivar (Cimmyt-Pak), under control and PEG-induced
water deficit conditions. Graphical data in Figures 1 and 2 clearly represents germination
and other growth attributes under the control and stress conditions. All of the germination
and growth parameters significantly (p > 0.05) increased in seeds that were provided with
P. ovata extract treatment for one night, when contrasted with the seeds that were not
provided with the priming solution in the control condition. Figures 1 and 2 also indicate
that growth attributes decreased in drought conditions with respect to the control sample.
Priming of seeds accelerated growth parameters even in drought. A decreasing trend in
germination and growth parameters was noted with increases of the extract concentration
to 40% and a maximum increase in these parameters was noted at the 20% treatment level
(Figures 1 and 2).

3.2. Photosynthetic Measurements and Stomatal Properties

Drought significantly (p > 0.05) reduced the photosynthetic running machinery content
(Chl a, b and carotenoids) and stomatal properties in the elite maize cultivar under study,
as presented in Figures 3 and 4. Graphics of data related to photosynthetic pigment content
and stomatal attributes indicate a significant increase in seeds that were given priming
treatment in both control and drought conditions. However, different increasing and
decreasing trends in stomatal conductivity were observed according to Figures 3 and 4.
Stomatal conductivity level accelerated with drought; a reduction was noted for maize
seeds that were provided with enough water. Treatment with 20% extract efficiently
increased the photosynthetic pigments and stomatal characters, both in drought and stress
conditions. While, higher regime concentrations of P. ovata extract (40%) did not increase
described properties any further.

3.3. Oxidative Stress, Antioxidant Response and Sugars

Oxidative stress indicators in maize seedlings primed with P. ovata extract under
control and drought conditions are represented in Figure 5. An increasing trend in oxidative
stress factors existed in maize seedlings facing minimal water availability, in contrast
to those seedlings primed with P. ovata leaf extract. Oxidative stress level declined in
maize seedlings treated with 20% P. ovata extract in both control and experimental groups,
while oxidative stress biomarkers were enhanced more with further increases in priming
agent concentration (40%) in the maize cultivar seedlings under drought and enough water
available conditions, when compared with seeds with no treatment.

The antioxidant (enzymatic and non-enzymatic) activities increased in the maize
cultivar (Cimmyt-Pak) seedlings that were given PEG-induced water stress. Figure 6
represents data related to enzymatic antioxidants and Figure 7 is related to non-enzymatic
antioxidants. Antioxidant activity was elevated in all maize (Cimmyt-Pak) seeds treated
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with 20% solution of P. ovata extract, while an increase in the solution concentration (40%)
caused a decline in the antioxidant activity in both (control and drought) conditions,
as represented in Figures 6 and 7.

Figure 1. Effect of seed priming with Plantago ovata leaf extract on germination index (A), time to total 50% germination (B),
coefficient of uniformity of emergence (C), mean germination time (D), germination energy (E) and germination percentage
(F) under water stressed and non-stressed environments in maize cultivar Cimmyt-Pak. Means sharing similar letter(s)
within a column for each parameter do not differ significantly at p < 0.05. Data in the figures are means of three repeats
(n = 3) of just one harvest of Zea mays plants ± standard deviation (SD). Different lowercase letters on the error bars indicate
significant differences between the treatments. Different treatments (P. ovata extract) used in this study are as follow:
0% (0% P. ovata extract), 20% (20% P. ovata extract) and 40% (40% P. ovata extract).

PEG-induced water stress significantly decreased the sugars content in maize (Cimmyt-
Pak). Pre-night soaking of maize seeds in P. ovata leaf extract solutions (0, 20 and 40%)
resulted in significant (p > 0.05) increases in sugars content under water stress. There was
an ideal increase in the sugar contents of maize (Cimmyt-Pak) seedlings that were provided
with 20% extract solution before placing. Figure 7 represents data related to sugars and
proline content in maize seedlings.
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Figure 2. Effect of seed priming with Plantago ovata leaf extract on shoot fresh weight (A), root fresh weight (B), shoot dry
weight (C), root dry weight (D), shoot length (E) and root length (F) under water stressed and non-stressed environments in
maize cultivar Cimmyt−Pak. Means sharing similar letter(s) within a column for each parameter do not differ significantly at
p < 0.05. Data in the figures are means of three repeats (n = 3) of just one harvest of Zea mays plants ± standard deviation (SD).
Different lowercase letters on the error bars indicate significant difference between the treatments. Different treatments (P. ovata
extract) used in this study are as follows: 0% (0% P. ovata extract), 20% (20% P. ovata extract) and 40% (40% P. ovata extract).

Proline content significantly (p > 0.05) increased under the PEG-induced water deficit
condition, in contrast to the normal condition. Seed priming with P. ovata extract reduced
the proline content under the water stressed condition. With an increase in the extract
concentration (20%), proline content decreased in maize seedlings under drought but this
decrease was not continuous, further increases in the concentration (40%) enhanced the
proline content in primed seeds further, as shown in Figure 7.
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Figure 3. Effect of seed priming with Plantago ovata leaf extract on total chlorophyll contents (A), carotenoid contents (B),
net photosynthesis (C) stomatal conductance (D), transpiration rate (E) and intercellular CO2 (F) under water stressed
and non-stressed environments in maize cultivar Cimmyt−Pak. Means sharing similar letter(s) within a column for each
parameter do not differ significantly at p < 0.05. Data in the figures are means of three repeats (n = 3) of just one harvest
of Zea mays plants ± standard deviation (SD). Different lowercase letters on the error bars indicate significant difference
between the treatments. Different treatments (P. ovata extract) used in this study are as follows: 0% (0% P. ovata extract),
20% (20% P. ovata extract) and 40% (40% P. ovata extract).

3.4. Ion Uptake

The essential ions uptake ability of maize seedlings decreased with PEG-induced
water stress, as indicated in Figure 8. The graphical data elucidates a non-significant
increase in the essential ion uptake ability of plants, even in primed seeds under the water
deficit condition. Among the varying concentrations of extract solutions (0, 20 and 40%),
the 20% extract level accelerated essential ion uptake ability in maize seedlings.
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Figure 4. Effect of seed priming with Plantago ovata leaf extract on stomatal density (A), stomatal width (B), stomatal length
(C) stomatal aperture (D), efficiency of PSII (E) and quantum yield of PSII (F) under water stressed and non-stressed
environments in maize cultivar Cimmyt-Pak. Means sharing similar letter(s) within a column for each parameter do
not differ significantly at p < 0.05. Data in the figures are means of three repeats (n = 3) of just one harvest of Zea mays
plants ± standard deviation (SD). Different lowercase letters on the error bars indicate significant difference between the
treatments. Different treatments (P. ovata extract) used in this study are as follows: 0% (0% P. ovata extract), 20% (20% P. ovata
extract) and 40% (40% P. ovata extract).

3.5. Correlation Analysis

A Pearson’s connection indicated the relationship between different parameters con-
centrated on in this trial; however, we developed a connection between the dry season
conditions focused on plants (as the two conditions (control and dry spell) demonstrated
the same trend). As per Pearson’s correlation, the particle take-up in different organs
of the maize seedlings was emphatically associated with each other’s development and
photosynthetic estimations, yet they were adversely connected with the oxidative pressure
biomarkers and proline substance (Figure 9). Comparative relationships we saw in the
heatmap histogram were that 0% seed preparation with P. ovata leaf removed demonstrated
a critical relationship with oxidative pressure biomarkers and proline substance; however,
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the rest of the heatmap indicated non-huge outcomes in any remaining parameters concen-
trated on in this analysis (Figure 10). Essentially, PCA indicated a reasonable connection
between different examined parameters and showed that the majority of development
parameters, e.g., particles take-up, cell reinforcements and photosynthetic estimations were
decidedly associated, while a negative relationship was seen in oxidative pressure biomark-
ers and proline substance (Figure 11). These connections portray a nearby association
between different contemplated credits in T. aestivum seedlings in the dry season focused
on climate.

Figure 5. Effect of seed priming with Plantago ovata leaf extract on MDA contents in the roots (A), MDA contents in the
leaves (B), H2O2 contents in the roots (C), H2O2 contents in the leaves (D), EL percentage in the roots (E) and EL percentage
in the leaves (F) under water stressed and non-stressed environments in maize cultivar Cimmyt-Pak. Means sharing similar
letter(s) within a column for each parameter do not differ significantly at p < 0.05. Data in the figures are means of three
repeats (n = 3) of just one harvest of Zea mays plants ± standard deviation (SD). Different lowercase letters on the error
bars indicate significant difference between the treatments. Different treatments (P. ovata extract) used in this study are as
follows: 0% (0% P. ovata extract), 20% (20% P. ovata extract) and 40% (40% P. ovata extract).
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Figure 6. Effect of seed priming with Plantago ovata leaf extract on SOD activity in the roots (A), SOD activity in the
leaves (B), POD activity in the roots (C), POD activity in the leaves (D) CAT activity in the roots (E), CAT activity in
the leaves (F), APX activity in the roots (G) and APX activity in the leaves (H) under water stressed and non-stressed
environments in maize cultivar Cimmyt−Pak. Means sharing similar letter(s) within a column for each parameter do
not differ significantly at p < 0.05. Data in the figures are means of three repeats (n = 3) of just one harvest of Zea mays
plants ± standard deviation (SD). Different lowercase letters on the error bars indicate significant difference between the
treatments. Different treatments (P. ovata extract) used in this study are as follows: 0% (0% P. ovata extract), 20% (20% P. ovata
extract) and 40% (40% P. ovata extract).
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Figure 7. Effect of seed priming with Plantago ovata leaf extract on ascorbic acid contents (A), anthocyanin contents (B),
phenolic contents (C), flavonoid contents (D), soluble sugar contents (E), reducing sugar contents (F), non-reducing sugar
contents (G) and proline contents (H) under water stressed and non-stressed environments in maize cultivar Cimmyt−Pak.
Means sharing similar letter(s) within a column for each parameter do not differ significantly at p < 0.05. Data in the figures
are means of three repeats (n = 3) of just one harvest of Zea mays plants ± standard deviation (SD). Different lowercase
letters on the error bars indicate significant difference between the treatments. Different treatments (P. ovata extract) used in
this study are as follows: 0% (0% P. ovata extract), 20% (20% P. ovata extract) and 40% (40% P. ovata extract).
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Figure 8. Effect of seed priming with Plantago ovata leaf extract on magnesium contents in the roots (A), magnesium contents
in the shoots (B), phosphorus contents in the roots (C), phosphorus contents in the shoots (D), iron contents in the roots (E),
iron contents in the shoots (F), calcium contents in the roots (G) and calcium contents in the leaves (H) under water stressed
and non-stressed environments in maize cultivar Cimmyt−Pak. Means sharing similar letter(s) within a column for each
parameter do not differ significantly at p < 0.05. Data in the figures are means of three repeats (n = 3) of just one harvest
of Zea mays plants ± standard deviation (SD). Different lowercase letters on the error bars indicate significant difference
between the treatments. Different treatments (P. ovata extract) used in this study are as follows: 0% (0% P. ovata extract),
20% (20% P. ovata extract) and 40% (40% P. ovata extract).
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Figure 9. Correlation between different morph-physiological traits with ions uptake/accumulation
in different parts of plants. Different abbreviations used are as follow: Ca-S (calcium contents in the
shoots), Ca-R (calcium contents in the roots), Fe-S (iron contents in the shoots), Fe-R (iron contents
in the roots), P-S (phosphorus contents in the shoots), P-R (phosphorus contents in the roots), Mg-
S (magnesium contents in the shoots), Mg-R (magnesium contents in the roots), SS (soluble sugar),
AsA (ascorbic acid contents), SOD-R (superoxidase dismutase activity in the roots), NP (net photosyn-
thesis), TC (total chlorophyll contents), SL (shoot length), GI (germination index), SFW (shoot fresh
weight), Pro (proline contents), SD (stomatal density) and MDA-R (malondialdehyde contents in
the roots).
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Figure 10. Heatmap histogram correlation between different studied attributes of Zea mays grown
under water stressed and non-stressed environment Different treatments (P. ovata extract) used in
this study are as follows: 0% (0% P. ovata extract), 20% (20% P. ovata extract) and 40% (40% P. ovata
extract). Different abbreviations used are as follow: Pro (proline contents), EL-L (electrolyte leakage
in the leaves), EL-R (electrolyte leakage in the roots), H2O2-L (hydrogen peroxide initiation in the
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leaves), H2O2-R (hydrogen peroxide initiation in the roots), MDA-L (malondialdehyde contents in the
leaves), SD (stomatal density), MDA-R (malondialdehyde contents in the roots), Ci (intercellular CO2),
Ca-S (calcium contents in the shoots), Ca-R (calcium contents in the roots), Fe-S (iron contents in
the shoots), Fe-R (iron contents in the roots), P-S (phosphorus contents in the shoots), P-R (phospho-
rus contents in the roots), Mg-S (magnesium contents in the shoots), Mg-R (magnesium contents in
the roots), NRS (non-reducing sugars), RS (reducing sugars), SS (soluble sugars), Flvn (flavonoid con-
tents), Phen (phenolic contents), Anth (anthocyanin contents), AsA (ascorbic acid contents), APX-
L (ascorbate peroxidase activity in the leaves), APX-R (ascorbate peroxidase activity in the roots),
CAT-L (catalase activity in the leaves), CAT-R (catalase activity in the roots), POD-L (peroxidase activ-
ity in the leaves), POD-R (peroxidase activity in the roots), SOD-L (superoxidase dismutase activity
in the leaves), SOD-R (superoxidase dismutase activity in the roots), QYPSII (quantum yield of
PSII), EPSII (efficiency of PSII), SA (stomatal aperture), StL (stomatal length), SW (stomatal width),
TR (transpiration rate), SC (stomatal conductance), NP (net photosynthesis), CC (carotenoid contents),
TC (total chlorophyll), RL (root length), SL (shoot length), RDW (root dry weight), SDW (shoot dry
weight), RFW (root fresh weight), SFW (shoot fresh weight), GP (germination percentage), GE (ger-
mination energy), MGT (mean germination time), GI (germination index) and CUE (coefficient of
uniformity of emergence).

Figure 11. Loading plots of principal component analysis (PCA) on different studied attributes of Zea mays grown under
water stressed and non-stressed environments with various application levels of Plantago ovata leaf extract. Different abbre-
viations used are as follow: Ca-R (calcium contents in the roots), Fe-R (iron contents in the roots), P-R (phosphorus contents
in the roots), Mg-R (magnesium contents in the roots), SS (soluble sugar), AsA (ascorbic acid contents), SOD-R (su-
peroxidase dismutase activity in the roots), NP (net photosynthesis), GI (germination index), Pro (proline contents),
SD (stomatal density) and MDA-R (malondialdehyde contents in the roots).
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4. Discussion

Plants are typically exposed to a broad myriad of biotic and abiotic stresses, in-
cluding feeding from wild animals and insects, weed infestation, hail, mechanical injury,
diseases, low soil fertility, drought, salinity and others that can diminish the plant photosyn-
thetic area and, thus, the attained total plant biomass or grain yield [3,5,7]. Recent research
has shown that native plant species may exhibit stronger tolerance or better and faster
mechanisms to adjust to or withstand abiotic stress conditions, such as drought and salinity
stress, compared to their cultivated relatives [4,16,48]. With the cultivation of indigenous
crops, landscape architects not only produced vernacular ecosystems but also provided
solutions to the increased air temperatures experienced at a global scale in the last 50 years
and the wasteful use of water channels [1,49]. According to Fernández-García et al. [50],
several taxa of native plants (both arid and semi-arid) are listed as resistant to drought,
mostly based on anecdotal observations of plant performance in countryside planting.
This study describes germination and growth parameters reduced in seeds given PEG-
induced stress when compared with seeds provided with enough water (Figures 1 and 2).
PEG-induced water deficit imparted negative effects on germination, growth, morphology,
physiology and other internal mechanisms that are related to drought [3,5,9]. The decreas-
ing plant growth trend in maize seedlings could be in response to water shortage [50,51].
Different studies have reported that a reduction in plant morphological attributes is due
to drought stress arrival [1,4–6,20,52]. Water deficit conditions reduced rates of photo-
synthesis, slowed leaves swelling, increased thinning in stomata, reduced initial leaves
catabases and reduced plant fertility [51,52]. Drought affected plants and their water
relation, i.e., transpiration rate, plant leaf surface temperature, efficient use of water and
its accumulation, along with the moisture content [52,53]. Photosynthetic measurements
taken from maize seedlings grown in the stressed condition decreased in contrast to seeds
given enough water for growth (Figure 3). Quite similar effects were observed related to
gas exchange properties and the behavioral pattern of stomata (Figure 4). Net photosyn-
thesis dropped during the regulatory processes; this may be related to a decline in the
stomatal properties and chlorophylls after seedlings went under the water deficient envi-
ronment [54]. Our study revealed a decrease in the photosynthetic rate, pigment content
and stomatal characters under drought stress (Figures 3 and 4).

It has been observed that water deficiency reduces the rate of photosynthesis, ei-
ther because of it causing a decrease in the chlorophyll synthesis or because of damage
to its molecules [4,55,56]. When maize seedlings were exposed to drought stress, a simi-
lar reducing trend in the described traits was observed [21,57] in response to closing of
the stomata due to water deficit conditions, as described in cowpea by Rivas et al. [58].
A reduction in transpiration rate may be due to unmaintained water field capacity in
response to the transpiration rate [59]. Limited water supply closed stomata, reduced
stomatal conductance and the rates of transpiration and photosynthesis in fynbos legume,
as described by Lotter et al. [60].

Water deficit environments are generally known to initiate oxidative stress in plants
by the production of extra reactive oxygen species (ROS) [61–63] and antioxidative en-
zymes that play a protective role in reducing the metal toxicity by scavenging ROS [64–66].
Previously, it was shown that drought stressed conditions increased ROS production in
cells/tissues, which were then scavenged by the activities of antioxidant compounds [56,65,67].
Additional scavenging of ROS and increased plant tolerance against water deficient envi-
ronments can be achieved by increasing the content of AsA and GSH, which was previously
reported by [9]. This can be achieved when there is an abiotic stress environment and
plant-induced oxidative damage to the membranous bounded tissues [68,69]. Moreover,
non-enzymatic antioxidants also establish redox active molecules that can decrease ROS
generation within the cell by participating in an ascorbate–glutathione cycle [70,71]. The in-
crease in the activities of antioxidant enzymes was concomitant with the generation of extra
ROS [62,72,73]. It was also reported that increases in the activities of various antioxidant
enzymes under environmental stress conditions are due to the reduction in glutathione con-
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tents [74,75]. In the current experiment, oxidative stress biomarkers were enhanced in maize
seedlings cultivated in a minimal water containing environment (Figure 5), while the water
deficient environment also increased the antioxidants activity in drought, with respect to
the control seedlings (Figure 6). There are different mechanisms (osmotic adjustment) in
plants to overcome the various abiotic stresses. The enhanced proline content and SS in wa-
ter deficient seedlings (Figure 7) suggest that a developed cell osmotic change can conserve
high water moisture in the cell and lead to declining EL in the plant tissues [3,13,67].

Studies have also reported that low water moisture in the environment means that
plants are unable to absorb essential growth promoting nutrients from the soil [2,54,71,76,77].
This is because the plants absorbs these nutrients in ionic form and water performs a
significant role for the uptake of these nutrients from the soil. However, the ability of
plants to uptake these essential nutrients from the environment becomes low or even
ceases when there is low water content in the environment [77,78]. Hence, a water deficient
environment results in the low absorbance of these essential ions due to the availability
of low water content in the environment, which reduces the root’s power to absorb such
nutrients. In this study, essential nutrient uptake ability also decreased in maize seedlings
that were facing water scarcity (Figure 8); our results are in correlation with reported studies.
Plants control many metabolic processes by up-taking a sufficient quantity of nutrients;
a decline in nutrient uptake leads to the impairing of a plant’s internal metabolism that
ultimately minimizes the growth and yield [54,77]. In the present study, nutrient contents
were negatively correlated with oxidative stress indicators and proline contents with
correlation coefficient of -1 but were positively correlated with plant growth and biomass,
and photosynthetic efficiency with a correlation coefficient of +1. These findings coincide
with the previous study by Hameed et al. [65], when they studied carrots under a drought
stress environment and controlled conditions.

Seed priming techniques are becoming popular. Priming with diverse natural extracts
has led to increases in the growth, plant biomass and yield [79–82]. Plantago ovata Forsk
is a member of family Platanaceae and is commonly known as psyllium, ispaghula or
desert Indianwheat. It is very important economically and referred to as a medicinal
plant. Its husk (isabgol) contains important compounds for the activation of primary
and secondary metabolism [83,84]. ROS production under drought induces oxidative
stress in plants, causes reduction in the plant biomass and yield [67,75]. In this study,
maize seeds (primed with P. ovata leaf extract) antioxidant activity increased, resulting in
enhancement in the plant growth and biomass by scavenging the ROS under drought
conditions [83]. Very limited literature is available related to the use of Plantago ovata leaf
extract for mitigating the effects of abiotic stresses in plants. The present study reveals
the positive effects of P. ovata extract due to improved germination, positive growth,
increases in pigment contents, activation of antioxidant mechanisms, stomatal behaviors
and scavenging of ROS. High dose (40%) P. ovata leaf extract has reduced the described
properties and mechanisms and this may be due to a high content of toxicity of extract [85].

5. Conclusions

In this study, we investigated the influence of P. ovata leaf extract on Zea mays cultivar
(Cimmyt-Pak) seedlings, to study different morphological, physiological and uptake fluxes
of essential nutrients from the medium when grown in well-watered (100% WFC) and
water depleted conditions (60% WFC). We have found that, drought conditions caused
a harsh impact on plant growth and germination, photosynthetic measurements, stom-
atal behaviour and induced oxidative stress, antioxidant enzymes and osmo-protectants.
Seeds primed with P. ovata leaf extract are useful in alleviating oxidative stress by accelerat-
ing the activities of antioxidants, and increasing the content of soluble sugars, AsA and
GSH, and also increasing fluxes of essential nutrients, even in the drought stress condition.
Hence, we suggest that the novel application of seeds primed with P. ovata leaf extract
offers new opportunities in the field of sciences, and plants can show a greater tolerance to
drought conditions, and an enhanced capacity to adapt to future environmental challenges.



Agronomy 2021, 11, 1404 20 of 23

Author Contributions: Conceptualization, X.W.; Formal analysis, M.H.U.K.; Funding acquisition,
M.N., S.F., S.A.(Sajjad Ali) and H.I.; Investigation, X.W., J.A., H.I., S.S. and S.A.(Shafaqat Ali);
Methodology, M.N., M.H.S., S.F., S.A.(Sajjad Ali), A.H.K., N.R. and S.S.; Project administration,
X.W., M.H.S., S.A.(Sajjad Ali); S.S.; Resources, M.H.S., M.H.U.K., J.A., A.H.K. and N.R.; Software,
J.A. and N.R.; Supervision, A.H.K.; Writing–original draft, M.N., M.H.U.K. and S.A.(Sajjad Ali);
Writing–review and editing, S.F., H.I. and S.A.(Sajjad Ali) All authors have read and agreed to the
published version of the manuscript.

Funding: The publication of the present work is supported by the Natural Science Basic Research
Program of Shaanxi Province (grant no. 2018JQ5218) and the National Natural Science Foundation of
China (51809224), Top Young Talents of Shaanxi Special Support Program.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors highly acknowledge the Government College University, Faisal-
abad, Pakistan for their financial support to complete this project.

Conflicts of Interest: The authors declare that there are no conflict of interest.

References
1. Aslam, M.; Ibni Zamir, M.S.; Afzal, I.; Yaseen, M. Morphological and physiological response of maize hybrids to potassium

application under drought stress. J. Agric. Res. 2013, 51, 03681157.
2. Waraich, E.A.; Ahmad, R.; Ashraf, M. Role of mineral nutrition in alleviation of drought stress in plants. Aust. J. Crop Sci. 2011, 5, 764.
3. Hasanuzzaman, M.; Nahar, K.; Anee, T.; Khan, M.; Fujita, M. Silicon-mediated regulation of antioxidant defense and glyoxalase

systems confers drought stress tolerance in Brassica napus L. S. Afr. J. Bot. 2018, 115, 50–57. [CrossRef]
4. Khan, M.N.; Zhang, J.; Luo, T.; Liu, J.; Ni, F.; Rizwan, M.; Fahad, S.; Hu, L. Morpho-physiological and biochemical responses of tolerant

and sensitive rapeseed cultivars to drought stress during early seedling growth stage. Acta Physiol. Plant. 2019, 41, 25. [CrossRef]
5. Ahmad, Z.; Waraich, E.A.; Ahmad, R.; Shahbaz, M. Modulation in water relations, chlorophyll contents and antioxidants activity

of maize by foliar phosphorus application under drought stress. Pak. J. Bot. 2017, 49, 11–19.
6. Akram, N.A.; Iqbal, M.; Muhammad, A.; Ashraf, M.; Al-Qurainy, F.; Shafiq, S. Aminolevulinic acid and nitric oxide regulate

oxidative defense and secondary metabolisms in canola (Brassica napus L.) under drought stress. Protoplasma 2018, 255, 163–174.
[CrossRef] [PubMed]

7. Sakya, A.; Prahasto, D. The Application of Phosphorus and Potassium to Increase Drought Tolerance in Pereskia Bleo (Kunt) DC
with Proline and Antioxidant Indicators. In IOP Conference Series: Earth and Environmental Science; IOP Publishing: Bristol, UK,
2020; p. 012055.

8. Wu, W.; Ma, B.L.; Whalen, J.K. Enhancing rapeseed tolerance to heat and drought stresses in a changing climate: Perspectives
for stress adaptation from root system architecture. In Advances in Agronomy; Elsevier: Amsterdam, The Netherlands, 2018;
Volume 151, pp. 87–157.

9. Taha, R.; Alharby, H.; Bamagoos, A.; Medani, R.; Rady, M. Elevating tolerance of drought stress in Ocimum basilicum using
pollen grains extract; A natural biostimulant by regulation of plant performance and antioxidant defense system. S. Afr. J. Bot.
2020, 128, 42–53. [CrossRef]

10. Saleem, M.H.; Fahad, S.; Khan, S.U.; Ahmar, S.; Khan, M.H.U.; Rehman, M.; Maqbool, Z.; Liu, L. Morpho-physiological traits,
gaseous exchange attributes, and phytoremediation potential of jute (Corchorus capsularis L.) grown in different concentrations of
copper-contaminated soil. Ecotoxicol. Environ. Saf. 2020, 189, 109915. [CrossRef] [PubMed]

11. Saleem, M.; Ali, S.; Rehman, M.; Rana, M.; Rizwan, M.; Kamran, M.; Imran, M.; Riaz, M.; Hussein, M.; Elkelish, A.; et al.
Influence of phosphorus on copper phytoextraction via modulating cellular organelles in two jute (Corchorus capsularis L.)
varieties grown in a copper mining soil of Hubei Province, China. Chemosphere 2020, 248, 126032. [CrossRef] [PubMed]

12. Saleem, M.H.; Kamran, M.; Zhou, Y.; Parveen, A.; Rehman, M.; Ahmar, S.; Malik, Z.; Mustafa, A.; Anjum, R.M.A.; Wang, B. Ap-
praising growth, oxidative stress and copper phytoextraction potential of flax (Linum usitatissimum L.) grown in soil differentially
spiked with copper. J. Environ. Manag. 2020, 257, 109994. [CrossRef] [PubMed]

13. Anjum, S.A.; Ashraf, U.; Tanveer, M.; Khan, I.; Hussain, S.; Zohaib, A.; Abbas, F.; Saleem, M.F.; Wang, L. Drought tolerance in
three maize cultivars is related to differential osmolyte accumulation, antioxidant defense system, and oxidative damage. Front.
Plant Sci. 2017, 8, 69.

14. Rehman, M.Z.-u.; Rizwan, M.; Ali, S.; Fatima, N.; Yousaf, B.; Naeem, A.; Sabir, M.; Ahmad, H.R.; Ok, Y.S. Contrasting effects
of biochar, compost and farm manure on alleviation of nickel toxicity in maize (Zea mays L.) in relation to plant growth,
photosynthesis and metal uptake. Ecotoxicol. Environ. Saf. 2016, 133, 218–225. [CrossRef]

15. Kaya, C.; Akram, N.A.; Ashraf, M. Kinetin and indole acetic acid promote antioxidant defense system and reduce oxidative stress
in maize (Zea mays L.) plants grown at boron toxicity. J. Plant Growth Regul. 2018, 37, 1258–1266. [CrossRef]

http://doi.org/10.1016/j.sajb.2017.12.006
http://doi.org/10.1007/s11738-019-2812-2
http://doi.org/10.1007/s00709-017-1140-x
http://www.ncbi.nlm.nih.gov/pubmed/28699026
http://doi.org/10.1016/j.sajb.2019.09.014
http://doi.org/10.1016/j.ecoenv.2019.109915
http://www.ncbi.nlm.nih.gov/pubmed/31722799
http://doi.org/10.1016/j.chemosphere.2020.126032
http://www.ncbi.nlm.nih.gov/pubmed/32018110
http://doi.org/10.1016/j.jenvman.2019.109994
http://www.ncbi.nlm.nih.gov/pubmed/31868646
http://doi.org/10.1016/j.ecoenv.2016.07.023
http://doi.org/10.1007/s00344-018-9827-6


Agronomy 2021, 11, 1404 21 of 23

16. Fahad, S.; Bajwa, A.A.; Nazir, U.; Anjum, S.A.; Farooq, A.; Zohaib, A.; Sadia, S.; Nasim, W.; Adkins, S.; Saud, S. Crop production
under drought and heat stress: Plant responses and management options. Front. Plant Sci. 2017, 8, 1147. [CrossRef]

17. Alam, H.; Khattak, J.Z.K.; Ksiksi, T.S.; Saleem, M.H.; Fahad, S.; Sohail, H.; Ali, Q.; Zamin, M.; El-Esawi, M.A.; Saud, S.
Negative impact of long-term exposure of salinity and drought stress on native Tetraena mandavillei L. Physiol. Plant. 2021, 172,
1336–1351. [CrossRef]

18. Jezek, M.; Geilfus, C.-M.; Mühling, K.-H. Glutamine synthetase activity in leaves of Zea mays L. as influenced by magnesium
status. Planta 2015, 242, 1309–1319. [CrossRef]

19. Zhu, J.; Brown, K.M.; Lynch, J.P. Root cortical aerenchyma improves the drought tolerance of maize (Zea mays L.). PlantCell
Environ. 2010, 33, 740–749.

20. Mohammadkhani, N.; Heidari, R. Effects of drought stress on soluble proteins in two maize varieties. Turk. J. Biol. 2008, 32, 23–30.
21. Liu, S.; Wang, X.; Wang, H.; Xin, H.; Yang, X.; Yan, J.; Li, J.; Tran, L.-S.P.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Genome-wide

analysis of ZmDREB genes and their association with natural variation in drought tolerance at seedling stage of Zea mays L. PLoS
Genet. 2013, 9, e1003790. [CrossRef]

22. Parveen, A.; Saleem, M.H.; Kamran, M.; Haider, M.Z.; Chen, J.-T.; Malik, Z.; Rana, M.S.; Hassan, A.; Hur, G.; Javed, M.T. Effect of
Citric Acid on Growth, Ecophysiology, Chloroplast Ultrastructure, and Phytoremediation Potential of Jute (Corchorus capsularis
L.) Seedlings Exposed to Copper Stress. Biomolecules 2020, 10, 592. [CrossRef]

23. Saleem, M.H.; Ali, S.; Rehman, M.; Hasanuzzaman, M.; Rizwan, M.; Irshad, S.; Shafiq, F.; Iqbal, M.; Alharbi, B.M.; Alnusaire, T.S.
Jute: A Potential Candidate for Phytoremediation of Metals—A Review. Plants 2020, 9, 258. [CrossRef]

24. Mansour, E.; Aboelnaga, A.; Nassar, E.M.; Elewa, S.I. A new series of thiazolyl pyrazoline derivatives linked to benzo [1, 3] dioxole
moiety: Synthesis and evaluation of antimicrobial and anti-proliferative activities. Synth. Commun. 2020, 50, 368–379. [CrossRef]

25. Rizwan, M.; Ali, Q.; Malik, A. Effects of drought and salt stress on wheat seedling growth related traits under salicylic acid seed
priming. Int. J. Bot. Stud. 2019, 5, 130–136.

26. Rahimi, A.; Hosseini, S.M.; Pooryoosef, M.; Fateh, I. Variation of leaf water potential, relative water content and SPAD under
gradual drought stress and stress recovery in two medicinal species of Plantago ovata and P. psyllium. Plant Ecophysiol. 2010, 2,
53–60.

27. Asgharipour, M.; Rafiei, M. Intercropping of Isabgol (Plantago ovata L.) and lentil as influenced by drought stress. Am. Euras. J.
Sustain. Agric. 2010, 4, 341–348.

28. Saghir, S.; Iqbal, M.S.; Hussain, M.A.; Koschella, A.; Heinze, T. Structure characterization and carboxymethylation of arabinoxylan
isolated from Ispaghula (Plantago ovata) seed husk. Carbohydr. Polym. 2008, 74, 309–317. [CrossRef]

29. Wiesner, L. Rules for Testing Seeds; Association of Official Seed Analysts: Moline, IL, USA, 1990.
30. Coolbear, P.; Francis, A.; Grierson, D. The effect of low temperature pre-sowing treatment on the germination performance and

membrane integrity of artificially aged tomato seeds. J. Exp. Bot. 1984, 35, 1609–1617. [CrossRef]
31. Bewley, J.D.; Black, M. Seeds: Physiology of Development and Germination; Springer Science & Business Media: Berlin, Germany, 2013.
32. Ruan, S.; Xue, Q.; Tylkowska, K. The influence of priming on germination of rice (Oryza sativa L.) seeds and seedling emergence

and performance in flooded soil. Seed Sci. Technol. 2002, 30, 61–67.
33. Arnon, D.I. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Beta vulgaris. Plant Physiol. 1949, 24, 1–15. [CrossRef]
34. Austin, R.B. Prospects for Genetically Increasing the Photosynthetic Capacity of Crops; International Maize and Wheat Improvement

Center (CIMMYT): El Batan, Mexico, 1990.
35. Heath, R.L.; Packer, L. Photoperoxidation in isolated chloroplasts: I. Kinetics and stoichiometry of fatty acid peroxidation. Arch.

Biochem. Biophys. 1968, 125, 189–198. [CrossRef]
36. Jana, S.; Choudhuri, M.A. Glycolate metabolism of three submersed aquatic angiosperms: Effect of heavy metals. Aquat. Bot.

1981, 11, 67–77. [CrossRef]
37. Dionisio-Sese, M.L.; Tobita, S. Antioxidant responses of rice seedlings to salinity stress. Plant Sci. 1998, 135, 1–9. [CrossRef]
38. Chen, C.-N.; Pan, S.-M. Assay of superoxide dismutase activity by combining electrophoresis and densitometry. Bot. Bull. Acad.

Sin. 1996, 37, 107–111.
39. Sakharov, I.Y.; Ardila, G.B. Variations of peroxidase activity in cocoa (Theobroma cacao L.) beans during their ripening, fermentation

and drying. Food Chem. 1999, 65, 51–54. [CrossRef]
40. Aebi, H. Catalase in vitro. In Methods in Enzymology; Elsevier: Amsterdam, The Netherlands, 1984; Volume 105, pp. 121–126.
41. Nakano, Y.; Asada, K. Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell Physiol.

1981, 22, 867–880.
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