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Abstract: Lead (Pb) is a toxic heavy metal (HM) that harms plant growth and productivity.
Phytohormones, such as jasmonic acid (JA) and salicylic acid (SA), and osmoprotectants, such as proline
(Pro), play an important role in the physiological and biochemical processes of plants. We investigated
the effect of exogenous applications of JA, SA, Pro, and their combination on Pb-stress tolerance in
maize as well as their effect on physiological, biochemical, and yield traits. Pb exposure severely
affected maize plants, reducing growth, yield, photosynthetic pigments, and mineral (nitrogen,
phosphorus, and potassium) nutrients, as well as enhancing electrolyte leakage (EL), malondialdehyde
(MDA) accumulation, osmolytes, and non-enzymatic and enzymatic antioxidants. The application
of JA, SA, Pro, and their combination enhanced plant growth and induced pigment biosynthesis,
and decreased EL, MDA accumulation, and Pb concentration. All treatments enhanced Pro and total
soluble sugar production, glutathione activity, ascorbic acid, phenol, superoxide dismutase, catalase,
peroxidase, and mineral nutrients. JA, SA, and Pro application improved physiological processes
directly or indirectly, thereby enhancing the ability of maize plants to overcome oxidative damage
caused by Pb toxicity. The combination of JA, SA, and Pro was the most efficient treatment for maize
plant growth and development, eliminating the negative consequences of Pb stress.

Keywords: Zea mays L.; lead; chlorophyll; productivity; antioxidant enzymes; ascorbic acid;
elemental analysis

1. Introduction

Heavy metals (HMs) are traces in the continental crust. Human activities, industrial waste, melting,
mining, and weather processes have resulted in HM pollution of soil and water, and this has become
an issue of scientific interest [1-4]. The problem faced by Egypt and other countries is that the majority
of industrial areas are close to agricultural land. Additionally, roads and highways carry a considerable
number of motor vehicles through the cultivated areas. Lead (Pb) is one of the most toxic HMs,
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causing plant stunting, chlorosis, and the inhibition of growth and germination [5,6]. Once inside
the cell, Pb can alter the cell membrane permeability, cause hormonal imbalances, inhibit various
sulfhydryl-containing enzymes, alter the mineral nutrient composition, and disrupt water content
to create reactive oxygen species (ROS) [7]. Pb can also affect a significant number of plant species
by inducing oxidative stress, disrupting the antioxidant defense system, and overproducing ROS.
The stress tolerance of plants to HMs depends on the production of antioxidant enzymes that help
to scavenge ROS and on the accumulation of osmoprotectants, such as proline (Pro), soluble sugars,
and glycine betaine [8]. The incorporation of trace elements from aerial sources through the leaves
can have a significant impact on the contamination of plants, particularly of elements such as Pb [9].
Airborne metal sources include stack or duct emissions from flows of air, gas, or vapor, and fugitive
emissions such as dust from storage areas or waste piles. Metals are typically emitted from airborne
sources as particulates present in the gas stream. Other metals, including As, Cd, and Pb, can also
volatilize during processing at high temperatures [4].

In recent years, much attention has been paid to the development of strategies to reduce HM toxicity
in various crops and farming systems in an effort to meet global demands for food, feed, and fiber [2,10,11].
Physicochemical methods used to clean up polluted sites by applying chemicals to change the speciation
of the metal and prevent it from being taken up by plants [12,13]. However, these chemicals are not
cost-effective or efficient [14]. Therefore, the quest for eco-friendly, cost-effective, and reproducible
alternatives, such as phytohormones and osmolytes, for the remediation of HM-polluted soils must be
prioritized. Phytohormones are the most effective endogenous molecules for modulation of physiological
and molecular reactions, and are critically required by the plant for its survival under HM stress.
As arule, a high concentration of HMs in many plant species leads to a reduction in root and shoot
biomass, which is usually controlled by phytohormones [15]. Pro is an amino acid that can act as an
excellent metal chelator against HM stress [16]. Compatible solutes, such as Pro, are organic compounds
with a low molecular weight that are highly soluble, and typically non-toxic to cells when present in
high concentrations. These solutes can act as defenses for plants against HM stress by contributing to
cellular osmotic changes, ROS detoxification, membrane integrity protection, and enzyme and protein
stabilization [17,18].

Jasmonic acid (JA) is a plant growth regulator commonly found in higher plants that possess
specific plant growth and developmental functions [19]. It is produced from lipid peroxide by increased
lipoxygenase activity [20]. JA and its methyl ester, methyl jasmonate, are molecules formed in plants
in response to conditions of biotic and abiotic stress [21,22]. JA can be used in limited amounts for
enhancing plant growth, gene expression, osmolytes, antioxidant enzymes, and carotenoids, and it
can neutralize the toxic effect of HMs [23,24]. Salicylic acid (SA; o-hydroxybenzoic acid) is a phenolic
acid that is widely distributed in plants. It is considered a hormone-like substance and plays an
essential role in regulating the physiological processes of plants, such as flowering, photosynthesis,
seed germination, growth, membrane permeability, and defense against abiotic and biotic stress [25-27].
Due to the abovementioned advantages of chemical inducers, we aimed to investigate their effects as
combinations or individuals on stressed maize with Pb.

Maize (Zea mays L.) is one of the world’s most important cereal grains due to its improved
adaptability to a wide variety of environments [28,29]. It is mainly used as a food source and has
become the most efficient food and feed raw material [11,30,31]. Additionally, it can be used for
bioenergy production [32-34]. Maize grains have a high nutritional value, and its oil is used for
cooking. The global cultivated area for maize was 193.7 Mha in 2018, with a total grain production of
1147.6 Mt, and in Egypt, the cultivated maize area was approximately 0.94 Mha, with a total grain
production of 7.30 Mt [35]. Maize is a C4 plant that is graded as moderately sensitive to HM stresses.
However, its growth and yield can be significantly reduced when cultivated under HM stress [29,36].

The purpose this study was to investigate the role of exogenous applications of JA (1.0 mM L),
SA (1.0 mM L), Pro (75 mM L), and their combination in antioxidant system regulation,
photosynthesis of pigments and solutes, and the production of maize under Pb-stress (7.5 mM L7!;
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Pb(CH3COO),) at 30 and 70 days following sowing. We hypothesized that phytohormones, such as JA,
SA, Pro, and their combination, could play a vital role in plant tolerance toward Pb stress by boosting
plant growth and yields.

2. Materials and Methods

2.1. Experimental Material and Design

Two field experiments were conducted at the experimental farm of the Faculty of Sciences,
Al-Azhar University, Cairo, Egypt, during the two successive seasons (2017 and 2018). Grains of
maize cultivar (Zea mays. cv. Hybrid 306) were obtained from the Agricultural Research Center,
Ministry of Agriculture, Giza, Egypt. The grains were sterilized for 2 min in a 1% sodium hypochlorite
solution and washed thoroughly several times with distilled water. Then, they were placed in the open
air for 2 h before soaking for 8 h in distilled water at room temperature.

Maize grains were sown on May 20, 2017, and May 25, 2018. The plot size was 30 m? (5 X 6 m),
with 60 cm between each row and 20 cm between each plant. The experimental design was a split-plot
randomized complete block design with three replicates. A Pb treatment, in the form of Pb acetate
(Pb(CH3COO),) (i.e., with and without 7.5 mM Pb L~! (CH3COO),) was applied to the main plots, and the
exogenous applications (JA, 1.0 mM L1 SA, 1.0 mM LL; Pro, 7.5 mM L~!; their combination; and a
control) were applied twice to the subplot. The plants were sprayed with the following treatments (JA, SA,
proline and/or their combination) twice. The first dose after 30 days from sowing (DAS), two drops
of Tween 80 were applied to each treatment solution before spraying to increase distribution on the
leaves. After one day from the spray of JA, SA, proline and/or combination, the plants were sprayed with
Pb. Moreover, the second dose of treatments and Pb was applied at 70 DAS. The agricultural practices
applied were based on the recommended guidelines for maize cultivation in the region.

Soil samples were collected from the experimental area at a depth of 0-30 cm to analyze various
physical and chemical properties. The soil samples were oven-dried, crushed, and passed through a
2-mm sieve. The proportions of sand, silt, and clay were determined using the hydrometer method [37].
Soil pH was determined in a saturated soil extract, as described by Thomas [38].

The proportions of sand, silt, and clay in the soil samples were 26.3%, 24.8%, and 48.9%,
respectively. The physical analysis of soil during the two seasons (2017 and 2018) is presented in
Table 1. The pH of the irrigation water was 7.12 and 7.22 and the EC was 0.89 and 0.87 dSm™"! in the
first and second season, respectively.

Table 1. Physical and chemical soil analysis of the investigated area.

Parameter Season 2017 Season 2018
TSS, ppm 772 782

pH 7.9 7.6

EC (dSem™1)* 1.75 1.78
Cations (mmolc L~1) *

Na*t 2.63 2.67

K* 0.62 0.65
Catt 217 2.15
Mg** 1.0 1.0
Anion (mmolc L™1) *

CI= 43 41
50,72 0.97 0.99
HCO;5~ 1.0 1.0
COs3™ nd nd

Soil texture

Sand 26.24 26.36
Clay 49.19 48.61
Silt 24.57 25.03
Texture Clay loamy Clay loamy

* Saturated soil paste extract to Gupta [39].
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2.2. Measurements

2.2.1. Growth and Yield Traits

Plant and leaf samples were collected to analyze growth and physiological and biochemical
traits at 80 DAS. While, 2 m? was harvested at maturity for the analysis of yield and related traits

!, number of grains ear~?,

[plant height (cm), ear length (cm), ear diameter (mm), number of row ear™
ear weight (g), 100-grain weight (g), ear yield (kg ha~!)]. Additionally, ear yield of maize was measured
on an oven-dry weight basis (65 °C for 48 h). Sub-samples of grains (approximately 5.0 g) were ground

to pass via a 0.5 mm sieve for elemental analyses (N, P, K, Pb; Section 2.2.4).

2.2.2. Biochemical Measurements

To estimate photosynthetic pigments, 0.5 g of fresh leaves were ground with a pestle and mortar
in liquid nitrogen (N). The samples were treated with 80% acetone, and the mixture was centrifuged at
20 °C for 5 min at 4500 g. A spectrophotometer (Model 6305, Jenway, Staffordshire, United Kingdom)
was used to measure the filtrate absorbance at wavelengths of 470, 652, and 665 nm to estimate
chlorophyll a, chlorophyll b [40], and carotenoids [41], respectively.

The lipid peroxidation products were measured and quantified in terms of malondialdehyde
(MDA), as defined by Heath and Packer [42]. Maize plant shoots (0.5 g) were homogenized in 2 mL of
0.1% (w/v) trichloroacetic acid (TCA), followed by 20 min of centrifugation at 12,000x g. The collected
supernatant (1 mL) was combined with an equal volume of 10% TCA containing 0.5% (w/v) thiobarbituric
acid reactive substances (TBARS), heated for 30 min at 95 °C, and cooled on ice. The reaction product
was then centrifuged for 15 min at 12,000X g, and the absorbance of the supernatant was measured
spectrophotometrically at 532 and 600 nm. The MDA concentration was determined according to its
molar extinction coefficient (155 mM~'cm™!) after subtracting the non-specific absorbance (600 nm).

The electrolyte leakage (EL) of the leaves was determined according to the method of Sullivan [43].
Leaf disks were placed into tubes containing 10 mL of boiling deionized water, and the EC was reported (EC1).
Then, the tubes were heated in a water bath to 45-55 °C for 30 min, and the EC was measured (EC2).
Thereafter, the sample was boiled again for 10 min at 100 °C, and the EC (EC3) was measured. EL was
calculated as follows:

Electrolyte leakage (%) = ([EC2 — EC1]/EC3) x 100 1

The Pro concentration of the dried maize leaves was analyzed using a rapid colorimetric
method [44]. Briefly, 500 mg of leaves were extracted in 10 mL of 3.0% (v/v) sulphosalicylic acid.
The mixture was centrifuged at 10,000 g for 10 min. Then, 2 mL of the supernatant was transferred
to a test tube, and 2 mL of freshly prepared acid ninhydrin solution was added. The test tubes were
incubated in a water bath at 90 °C for 30 min. The reaction in each test tube was terminated in an ice
bath. Each reaction mixture was extracted with 5 mL of toluene and vortexed for 15 s before standing
for 20 min in the dark at room temperature to separate the toluene and aqueous phases. Each upper
toluene phase was then carefully collected into a cuvette, and its absorbance was read at 520 nm using
a UV-VIS spectrophotometer. The Pro concentration was determined for each sample using a standard
curve based on analytical-grade Pro.

Total soluble sugars were determined, according to Irigoyen et al. [45]. Briefly, 200 mg of dried
leaves were homogenized in 5 mL of 96% v/v ethanol and then washed with 5 mL of 70% v/v ethanol
before centrifugation at 3500 g for 10 min. The samples were stored for a while at 4 °C. Then, 0.1 mL
of the extract was reacted with 3 mL of freshly prepared anthrone reagent (150 mg anthrone + 100 mL
of 72% (v/v) sulfuric acid) by heating for 10 min in a water bath. After cooling, the absorbance of each
sample was recorded at 625 nm using a spectrophotometer.

To determine the glutathione (GSH) concentration, samples of the dry leaves (50 mg) were
placed in a tube with 2 mL of 2% (v/v) metaphosphoric acid and centrifuged at 17,000x g for 10 min.
The supernatant (0.9 mL) was neutralized with 0.6 mL of 10% (w/v) sodium citrate. Then, a mixture of
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700 uL of 0.3 mM NADPH, 100 puL of 6 mM 5,5’-dithiobis-(2-nitrobenzoic acid), 100 uL distilled water,
and 100 uL of the extract was stabilized at 25 °C for 34 min. GSH reductase (10 uL of 50 U mL™!) was
added to the extract, and the absorbance was read at 412 nm using a spectrophotometer to calculate
the GSH concentrations from a standard curve, as described by Griffith [46].

The ascorbic acid (AsA) concentration of the maize leaves was analyzed using the method described
by Mukherjee and Choudhuri [47]. A sample of fully-expanded leaves (500 mg) was extracted in 10 mL
of 6% (w/v) TCA and then mixed with 2 mL of 2% (w/v) dinitrophenylhydrazine, followed by the addition
of one drop of 10% (w/v) thiourea in 70% (v/v) ethanol. The mixture was then boiled for 15 min in a
water bath. Next, after cooling the samples to room temperature, 5 mL of 80% (v/v) HySO4 at 0 °C was
added. The absorbance was determined spectrophotometrically at 530 nm. The AsA concentration was
calculated from a standard curve plotted using known AsA concentrations.

The free phenol concentration (mg-g~! of dry leaves) was analyzed using Folin-Ciocalteu reagent
and sodium carbonate solution, according to Galicia et al. [48]. We weighed 1 g of each sample, dried it for
16 h at 65 °C, and then ground it into an extremely fine powder. Then, a 100-mg aliquot of the powder was
transferred into an Eppendorf tube and mixed with 6.5 mL of 50% methanol. The samples were vortexed
and placed in a thermomixer at 65 °C at 900x g for 30 min. The tubes were removed from the thermomixer,
cooled at room temperature, and centrifuged at 14,000x g for 5 min. Then, 1 mL of the supernatant was
carefully transferred into a test tube, to which was added 0.8 mL of 25% Folin—Ciocalteu reagent (10 g
sodium tungstate and 2.5 g sodium molybdate in 70 mL of H,O), 5 mL of 85% phosphoric acid, and 10 mL
of concentrated hydrochloric acid. The sample was refluxed for 10 h, and then 15 g of lithium sulfate,
5 mL of water, and one drop of bromine were added. After refluxing for 15 min, the sample was cooled at
room temperature and made up to a final volume of 100 mL with distilled water. Then, 2.5 mL of 2 N
Folin—Ciocalteu was mixed with 7.5 mL of deionized water and vortexed. The tubes were incubated at
42 °C for 9 min, and the absorbance was read at 765 nm using a spectrophotometer.

2.2.3. Enzyme Activity

Maize leaves maize were used to estimate the amount of superoxide dismutase (SOD), peroxidase (POX),
and catalase (CAT) enzymes. In this regard, 2 g of the plant materials were homogenized with 10 mL of
0.1 M phosphate buffer (pH 6.8) and centrifuged at 2 °C for 20 min at 20,000X g in a refrigerated centrifuge.
The clear supernatant (containing the enzymes) was removed.

The SOD activity (Enzyme Commission number 1.15.1.1) was determined by measuring the inhibition
of the autoxidation of pyrogallol using a method described by Marklund and Marklund [49]. The solution
(10 mL) consisted of 3.6 mL of distilled water, 0.1 mL of the enzyme, 5.5 mL of 50 mM phosphate buffer
(pH 7.8), and 0.8 mL of 3 mM pyrogallol (dissolved in 10 mM HCI). The rate of pyrogallol reduction was
measured spectrophotometrically at 325 nm at 25 °C. One unit of enzyme activity was defined as the
amount of the enzyme that resulted in 50% inhibition of the autoxidation rate of pyrogallol at 25 °C.

POX activity (Enzyme Commission number 1.11.1.7) was analyzed using a solution containing
5.8 mL of 50 mM phosphate buffer (pH 7.0), 0.2 mL of the enzyme extract, and 2 mL of 20 mM H;0O5.
Following the addition of 2 mL of 20 mM pyrogallol, the increase in the absorbance as pyrogallol in
60 s was determined spectrophotometrically at 470 nm at 25 °C [50]. One unit of enzyme activity
was defined as the amount of the enzyme that catalyzed the conversion of 1 uM of H,O, per min at
25 °C. The blank sample was prepared using buffer instead of the enzyme extract.

CAT activity (Enzyme Commission number 1.11.1.6) was analyzed using the method of Chen et al. [51].
Briefly, 40 pL of the enzyme extract was added to 9.96 mL of H,O, phosphate buffer (pH 7.0; 0.16 mL
of 30% H,O; in 100 mL of 50 mM phosphate buffer). CAT activity was determined spectrophotometrically
via the rate change of H,O, absorbance in 60 s at 250 nm at 25 °C. The blank sample was prepared using
buffer instead of the enzyme extract. One unit of enzyme activity was defined as the amount of the
enzyme that reduced 50% of the H,O, in 60 s at 25 °C.
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2.2.4. Macronutrient and Pb Analysis

To assess the macronutrients, namely, N, phosphorus (P), and potassium (K). Grains of maize
were washed 3 times in deionized water and dried for 48 h at 65 °C. The dried tissues were weighed
and ground into a fine powder prior to wet ashing in solution HC104:HNOj (4:1 v:v).

The N concentration was determined using a micro-Kjeldahl apparatus as per Horwitz [52]. The blue
color method of Jackson [53] was followed to assess the P concentration by reducing molybdenum to
molybdophosphoric acid in sulfuric acid to exclude arsenate. Standard reagents, such as sulfomolybdic
acid (HMoOyS), molybdenum blue, diluted HyMoO5S, and 8% (w/v) NaHSO3-H,SO,, were used. The K
concentration of the grains was assessed using a flame photometer, as outlined by Page et al. [54].

Grinded grains (300 mg) were digested in 6 mL nitric acid (67%) and 1 mL hydrogen peroxide
(30%). Samples after digestion were filtered, and then were diluted in deionized water to a specific
volume. The HM concentration of Pb in the maize grains was determined by atomic absorption
spectrophotometry, as described by Seleiman et al. [32].

2.3. Statistical Analysis

We performed an analysis of variance with a general linear model using SPSS 21.0 software
(IBM Corp, Armonk, NY USA) on the data obtained pertaining to the effect of the exogenous applications
(JA, SA, Pro, and their combination) and Pb-stress treatments and the effects of their interaction on the
growth, biochemical traits, yield, and elemental analysis of maize. The means were compared using
Tukey’s multiple range test, and p-values < 0.05 were considered significant. The standard error of the
mean was calculated for each parameter.

3. Results

3.1. Growth and Yield Traits

The results obtained (Table 2) showed the retarded growth of Pb-stressed plants, with the shoot height,
ear length, ear diameter, number of rows per ear, and number of grains per ear during the two successive
seasons (2017 and 2018) showing a significant decrease in Pb-stressed maize. Additionally, the results
revealed that, with a few exceptions, foliar application of JA, SA, Pro and their combination improved growth
traits of maize grown under stress conditions of Pb compared to untreated plants. The aforementioned
increases were more obvious in maize cultivated under Pb stress and treated with a foliar application of
the combination treatment followed by JA treatment.

Table 2. Effect of different exogenous applications on growth of maize grown under lead stress.

Pb Exogenous Plant Height (cm) Ear Length (cm) Ear Diameter (nm) Number of Row Ear ! No. of Grains Ear!
Treatments  Treatments g4 52 s1 s2 s1 s2 s1 s2 s1 52
Control 229.0d 229.2e 185d 18.6d 44.0d 44.3 abc 11.6 abc 12.3 abc 444 ¢ 454 ¢
JA 2447b 2455b 242b 244b 46.1b 46.3 a 13.6 ab 143a 493 b 496 ab
Zero-Pb SA 237.6 ¢ 2378 ¢ 22.1c¢ 224c¢ 45.6 bc 48.8 a 13.0 abc 13.0 abc 444 ¢ 446 ¢
Pro 231.5d 2314d 18.7d 19.1d 449 c 449 ab 13.0 abe 13.6 ab 426d 466 bc
Combination ~ 258.0 a 2484 a 262a 263 a 475a 476a 143 a 143 a 532 a 534 a
Control 150.6 h 150.8 10.7 h 109h 3331 334d 103 ¢ 9.6d 3011 301 f
JA 200.6 e 200.9 f 15.0 f 152 f 383f 38.5 bed 12.3 abc 13.0 abc 350 f 334 ef
Pb SA 189.5 f 1899 ¢ 143 f 146 f 354¢g 35.6d 11.6 abc 11.6 bed 341¢g 345e
Pro 170.7 g 170.7 h 122¢g 125¢g 343h 345d 11.0 be 11.0cd 321h 331 ef
Combination  230.0d 2169 e 174 e 17.7 e 402e 38.1cd 13.6 ab 13.0 abc 39 e 402d
S.EM. 1.87 1.24 0.20 0.17 0.17 1.35 0.56 0.52 0.88 7.90
SlgnlflcanCe ** *F ** ** *F *3% 4 % ** **
Lead (Pb) ** 4 ** 4 *F *3% * % ** **
Acids (A) s+ *k *k *k *k * *k *ok s+ s+

Interaction (Pb x A)

Ex3

ER

ER

ER

ER

ns

ns

ns

E23

%

JA = Jasmonic acid; SA = Salicylic acid; Pro = Proline; column with different letters are significantly differed;
S1=Season 1; S 2 = Season 2; S.E.M. = Standard error of means; column with different letters (a, b, ¢, d, e, f, g, h, i)
are significantly differed from each other as indicated by Tukey test (p < 0.05). ns = not significant; * = p < 0.05;

**=p <001
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Ear weight, ear grain yield, 100-grain weight, and grain yield ha™! were significantly decreased
in maize plants cultivated under Pb-stress conditions compared with the non-Pb-stressed maize
plants (Table 3). Nevertheless, the exogenous treatments (JA, SA, Pro, and their combination)
significantly improved these traits in the Pb-stressed plants compared with the untreated plants
(Table 3). Furthermore, the combination application (i.e., JA + SA+ Pro) resulted in the highest yield
and related traits compared with each exogenous treatment alone. For instance, the combination
treatment application (i.e., JA + SA+ Pro) resulted in a significant increment in ear weight by 46.35%
and 37.84%, grain yield by 32.48% and 33.29%, ear yield by 32.47% and 33.29%, and 100-grain weight
by 43.48% and 42.25% during the 2017 and 2018 seasons, respectively.

Table 3. Effect of different exogenous applications on yield and related traits of maize grown under
lead stress condition.

L Exogenous Ear Weight (g) 100-Grain Weight (g) Ear Yield (kg ha—1)
ead (Pb)
Treatments S1 S2 S1 S2 S1 S2
Control 170.0d 172.0d 30.3 ¢ 28.0 bc 9851d 9886 d
JA 189.3 ab 190.3b 34.0 ab 34.3 ab 11,382 b 11,660 b
Zero-Pb SA 184.0bc  188.0 bc 33.3 ab 33.6 ab 10,775 ¢ 10,923 ¢
Pro 178.7 ¢ 1823 ¢ 33.0b 33.0 ab 9851d 9966 d
Combination 193.3 a 198.0 a 353a 353a 12,203 a 12,544 a
Control 1273 ¢ 1340¢g 20.7 f 21.3d 6490 i 6523 g
JA 152.3 e 152.0 e 28.7 cd 29.3 abc 8316 f 8377 e
Pb SA 146.0 1453 f 27.7d 28.3 bc 7414 g 7484 f
Pro 145.0 1377 g 23.7 e 243 cd 7095 h 7310 f
Combination  186.3 b 184.7 bc 29.7 cd 30.3 abc 8597 e 8694 e
S.EM. 1.25 1.23 0.43 1.31 56.73 80.60
Significance *% 3 *3% *% *% *%
Lead (Pb) *% 3 *3% *% *% *%
Acids (A) *% 3 *3% *% *% *%
Interaction (Pb X A) i xE i ns i x

JA = Jasmonic acid; SA = Salicylic acid; Pro = Proline; column with different letters are significantly differed;
S1=Season 1; S 2 = Season 2; S.E.M. = Standard error of means; column with different letters (a, b, ¢, d, e, f, g, h, i)
are significantly differed from each other as indicated by Tukey test (p < 0.05). ns = not significant; ** = p < 0.01.

3.2. Chlorophyll Content

The leaves of the Pb-stressed maize plants showed a significant reduction in chlorophyll a,
chlorophyll b, and carotenoid content compared with non-Pb-stressed plants in both seasons (Figure 1).
Nonetheless, the application of exogenous treatments (JA, SA, Pro, and their combination) significantly
improved these traits in both Pb-stressed and non-Pb-stressed plants.

3.3. Osmolyte Content

In Pb-stressed plants, the osmolyte content (i.e., Pro and total soluble sugars) was significantly
increased in combination with various exogenous treatments compared with untreated plants
(Figure 2a,b). The most pronounced increases were observed when the combination of exogenous
treatments was applied, followed by the JA treatment.



Agronomy 2020, 10, 699

i
]

w
|

e d

Chlorophyll (a) (mg g”' FW)
- N
1 1

et

n o
| 1
(o

N
=)
]

cd

- -
o o
| |

=
o
1

Chlorophyll (b) (mg g”' FW)

o
* o

1
(o]

w
]

-
]

Carotenoids (mg g'] FW)
T

o
L

|C

B Secason 1
b a
abc
d c cd
abp a
ab® c

JA SA Pro

Bl Scason 2
aab b ab
bccd "
ec
dd
fe
ad aa
bcc
cd
de
df

Co“C

JA SA Pro Col

Zero-Lead

Lead

Treatments

8of 19

Figure 1. Effect of different exogenous applications on chlorophyll a, b (a,b) and carotenoids (c) of maize
plants grown under lead stress condition. Error bars = Standard error of means (S.E.M.), and bars with
different letters (a, b, ¢, d, e, f) are significantly differed from each other as indicated by Tukey test

(p < 0.05).
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3.4. Lipid Peroxidation and EL

TBARS and EL were measured to observe the magnitude of oxidative damage in Pb-stressed
maize leaves (Figure 2c,d). The percentage of MDA and EL in the leaves of Pb-stressed plants increased
significantly compared with non-Pb-stressed plants. On the other hand, the different exogenous treatments,
particularly the combination of JA, SA, and Pro, significantly decreased MDA and EL in Pb-stressed and
non-Pb-stressed plants compared with the plants that did not receive exogenous treatments.

a b
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Figure 2. The effect of different exogenous applications on (a) proline, (b) sugars, (c) malondialdehyde
(MDA), and (d) electrolyte leakage (EL) of maize plants grown under lead stress condition. Error bars
= Standard error of means (S.E.M.), and bars with different letters (a, b, ¢, d, e, £, g, h) are significantly
differed from each other as indicated by Tukey test (p < 0.05).

3.5. Antioxidant Enzymes

The activities of SOD, POX, and CAT in the maize plant leaves were significantly increased in
Pb-stressed plants compared with non-Pb-stressed plants (Figure 3a—c). Meanwhile, a significant
reduction in the activities of SOD, POX, and CAT was noted in Pb-stressed plants as a result of the
exogenous treatments (i.e., JA, SA, Pro, and their combination) compared with untreated plants.

3.6. GSH, AsA, and Phenols

Hydrophilic antioxidants, like AsA and GSH, are essential components of the antioxidant system that
scavenge ROS. We found that Pb-stressed maize plants significantly contained the highest concentration
of GSH, AsA, and phenols in their leaves compared with non-Pb-stressed plants (Figure 3d-f).
Conversely, exogenous application of JA, SA, Pro, and their combination significantly reduced GSH, AsA,
and phenol concentration in the leaves of maize plants under Pb-stressed conditions compared with
untreated plants. The best improvement was observed when the combination treatment was applied to
Pb-stressed and non-Pb-stressed plants compared with the other exogenous treatments.
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Figure 3. Effect of different exogenous applications on enzyme activity (a,b,c), ascorbic acid (d)
glutathione (e), and phenol (f) of maize plants grown under lead stress condition. SOD = superoxide
dismutase; POX = peroxidase; CAT = catalase. Error bars = Standard error of means (S.E.M.), and bars
with different letters (a, b, ¢, d, e, f, g, h) are significantly differed from each other as indicated by Tukey
test (p < 0.05).

3.7. Macronutrients Concentration and Pb

Pb stress caused a significant decrease in the N, P, and K concentration of maize grains compared
with non-Pb-stressed plants (Figure 4a—c). However, the application of JA, SA, Pro, or their combination
significantly increased the N, P, and K concentration in maize grains compared with non-Pb-stressed
plants (Figure 4a—c). No Pb was not detected in the grains of non-Pb-stressed maize plants that were
treated with any of the exogenous treatments. Furthermore, the application of either JA, SA, Pro,
and/or their combination significantly reduced the Pb concentration in the grains of maize plants
treated with Pb compared with Pb-stressed plants alone (Figure 4d). The most pronounced treatment
effect was observed with the combination of exogenous treatments (JA, SA, and Pro).
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Figure 4. The effect of different exogenous applications on N (a), P (b), K (c), Pb (d in grains of maize
grown under lead stress condition. Error bars = Standard error of means (S.E.M.), and bars with
different letters (a, b, ¢, d, e, £, g) are significantly different from each other as indicated by Tukey test

(p < 0.05).

3.8. Multivariate Statistical Approach

Hierarchical cluster analysis (HCA) was applied to the different traits from non-Pb-stressed and
Pb-stressed plants using nearest-neighbor methods and squared Euclidean distance as a measure of
similarity (Figure 5a,b). Generally, two groups were formed by cluster analysis. Cluster 1 included P,
POX, PHL, GIU, Pb, CAT, SOD, AS, and PR and comprised two groups, one containing P and the other
containing the remainder of the cluster 1 members. Cluster 2 included sugar, NRE, K, N, ED, GE, EY,
GY, EL, GM, EW, and PL and comprised two groups, one containing sugar, and the other containing
the remainder of the cluster 2 members.

HCA was also applied to the different treatments on the basis of physiochemical parameters
and non-Pb-stressed or Pb-stressed conditions (Figure 5d,e). Generally, this resulted in two clusters:
cluster 1, comprising the non-stress control, and cluster 2, comprising all the treatments, which were
further sub grouped into various clusters, with non-stress combination, non-stress JA, non-stress
SA, and non-stress Pro included in the same subgroup. On the other hand, Pb-stressed combination,
Pb-stressed JA, Pb-stressed SA, and Pb-stressed Pro were included in the same cluster, which could be
attributed to the lower level of physiochemical variations. A principal component analysis was also
conducted on the different treatments on the basis of physiochemical parameters and non-Pb-stressed
or Pb-stressed conditions. The principle components in season 1 were able to explain 88.73% (77.44%
and 10.29%) of the total variance. (Figure 5c). The principle components in season 2 were able to
explain 87.27% (75.90% and 11.37 %) of the total variance (Figure 5f).
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Figure 5. Cluster analysis of plant properties and physiological parameters from the non-stressed,
stressed lead conditions of maize plant as shown in (a,b,e,d) and PCA loading plot for different treatment
application under non- stressed, stressed lead conditions as shown in (c,f). PL: plant height (cm),
EL: ear length (cm), ED: ear diameter (mm), NRE: no. of rows ear”!, GE:no. of grains ear!,EW: ear weight (g),
GY: grain yield (g/m2),‘ EY: ear yield/fed (kg) GM: 100 grain mass (g): PR: proline, PHL: phenol,

AS: ascorbic acid, GIU: glutathione.

4. Discussion

Pb toxicity negatively impacts plant metabolism thereby inhibiting plant growth and reducing
its productivity. The application of Pb in this experiment significantly reduced the growth and yield
traits of Pb-stressed maize plants (Tables 2 and 3). Pb aligns with the cell wall and the middle lamellae,
which enhances the cross-linking of pectins and contributes to cell growth inhibition and, thus, the plant
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as a whole [55]. The application of JA, SA, Pro, and their combination under Pb stress improved growth
traits and yield attributes by mitigating the adverse effects of Pb. JA application was found to regulate
Pb uptake and improve carotenoid concentration and growth rates in Wolffia arrhiza under Pb-stress
conditions [56]. Furthermore, SA can induce cell division within the apical meristem of seedlings,
resulting in the stimulation of plant growth [57]. SA can also be useful in enhancing plant growth or
alleviating the toxic effects of Pb by restoring hydraulic activity and stimulating antioxidant activity [26].
Additionally, the growth of Cicer arietinum plants cultivated under cadmium (Cd) stress was improved in
response to Pro application [58]. The improved growth, photosynthetic performance, and antioxidant
enzyme activity under the application of exogenous Pro were related to increased yield (Table 3).
The improvement in yield may be due to the delayed senescence of plant organs (particularly leaves
and flowers) and subsequent avoidance of the premature loss of flowers and fruits. Moreover, SA also
promotes cell division and cell enlargement [58]. This increased growth under the influence of exogenous
SA is likely to increase the yield traits [59]. Pro can stimulate an increase in the total phenolic concentration
of plants [60], and phenolics are known to prevent auxin degradation, which is related to increased seed
yield [58]. Furthermore, Hayat and Hayat [61] reported that SA and Pro treatment increased the degree
of sink at the seed level, directing the flow of metabolites to the developing seeds, which improved the
100-seed weight and, consequently, the seed yield per plant at harvest in plants under Cd stress.

Photosynthetic pigments are crucial components of photosynthesis and play an essential role in
plant growth and the yield of dry matter. In this study, Pb toxicity in plants resulted in a significant
reduction of chlorophyll a, chlorophyll b, and carotenoid concentration in maize plant leaves (Figure 1).
Additionally, Pb exerts a negative effect on photosynthesis by disrupting the ultrastructure of chloroplasts
and preventing the synthesis of essential pigments, prevents the Calvin cycle and the electron transport
chain, and induces a carbon dioxide shortage by closing the stomatal pores [62]. The reduction in
photosynthetic pigments under Pb stress might be attributable to MDA and EL accumulation (Figure 2).
Moreover, photosynthesis inhibition might be due to the interaction of Pb with the sulfhydryl group in
enzymes involved in chlorophyll biosynthesis, thereby impeding the absorption of essential elements,
such as iron and manganese, or the substitution of divalent cations with Pb [63].

However, it was clear from our results that the application of JA, SA, Pro, and their combination
improved the accumulation of photosynthetic pigments under both Pb-stress and non-Pb-stress
conditions. This may be due to the protective role of JA, which can enhance photosynthesis and the
absorption of important minerals under Pb-stress [64]. Additionally, SA plays a role in reducing chlorophyll
degradation and the accumulation of MDA and EL in stressed plants [65]. Pro destabilizes the attachment
of abscisic acid to specific proteins on the membranes of guard cells, thereby restoring the opening of
stomata, resulting in increased stomatal conductivity and photosynthesis [66]. Moreover, Ashraf and
Foolad [17] stated that exogenous Pro application could increase the K concentration in the membranes
of guard cells, which is important for holding the stomata open, strengthening stomatal conductance,
and increasing chlorophyll content. The maize plants in our experiment had a high level of accumulated
MDA and EL under Pb-stress treatment (Figure 2), which could result in the breakdown of plant
cells. The results of our study confirm the previous findings that Pb toxicity in plants increases lipid
peroxidation and EL [67]. JA protects lipids in the cell membrane by modulating lipid peroxidation
during Cd stress. The exogenous application of JA to plants was observed in terms of reduced oxidative
stress, as demonstrated by decreased MDA levels [68]. However, Pro and SA treatment inhibited MDA
accumulation and EL, which might be due to increased levels of Pro, the accumulation of total soluble
sugar, and increased antioxidant enzyme activity, as these inhibit ROS overproduction [65,66].

Plants produce organic solutes that control several physiological processes to cope with abiotic
stress. In our experiment, the maize plants under Pb stress showed higher levels of Pro and total
soluble sugars compared with non-Pb-stressed plants (Figure 2). The increased accumulation of Pro
in plants might be responsible for counteracting Pb-mediated lipid peroxidation and membrane
alteration [69]. However, the Pro and total soluble sugar concentration were increased when the plants
were treated with JA, SA, Pro, and their combination (Figure 2). The increased accumulation of osmolytes,
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antioxidant enzymes, and carotenoids have been documented to neutralize the toxic effect of metals as
a result of JA treatment [24]. Additionally, the exogenous application of SA to plants increased the total
soluble concentration of sugar and Pro, which is highly sensitive to various environmental stresses and
regulates the multiple genes associated with growth and metabolism, by providing energy resources
and carbon [70]. Pro tends to be active in chelating excess cytoplasmic metal ions, which indicates a
preference for coordinating N or oxygen (O;) due to its hydrophilic nature. Pro can function as a protein
stabilizer, metal chelator, and free radical scavenger to protect enzymes and biomolecules [71].

GSH, AsA, and total phenol concentration were significantly increased in maize leaves under Pb stress
conditions (Figure 3). Some plants may develop their antioxidant defense system to withstand oxidant
stress, such as that caused by abiotic stress such as Pb stress or salt stress [72,73]. Furthermore, excessive ROS
production can help to disrupt the antioxidant defense mechanism, which is the main effect of Pb toxicity.
Ascorbate and GSH are two essential non-enzymatic components of the redox pool, where AsA prevents
the accumulation of toxic HyO, by transforming H,O, to H,O [74]. In the current study, the application
of JA, SA, Pro, and/or their combination to maize plants enhanced the total phenol, AsA, and GSH
concentration in Pb-stressed plants in comparison with non-Pb-stressed plants (Figure 3). JA may serveas a
signaling molecule for the regulation of phytochelatin biosynthesis pathway activities. Additionally, it may
reduce the expression of HM carrier proteins in Arabidopsis thaliana and consequently reduce HM
absorption [75]. The increase in GSH and protein-binding thiols may be due to the increased chelation of
metal ions that form sulfhydryl compounds [76]. Antioxidants, such as AsA, can also play an important
role in metal detoxification [77]. Non-enzymatic (AsA and GSH) and enzymatic (ascorbate peroxidase
[APX], CAT, POD) components have been shown to upregulate in Pb-stressed mustard plants in response
to the application of SA [78].

The antioxidant system in plants is a well-known defensive mechanism against ROS. In our study,
the activity of antioxidant enzymes, such as SOD, CAT, and POX, increased when maize plants were
exposed to Pb stress (Figure 3). The increased activity of these enzymes increased the tolerance of the
maize plant to Pb by modulating the relative quantities of ROS. SOD activity provides a first-line defense
system against ROS in coordination with POD and CAT. Pb contamination substantially increased
POD activity compared with control plants and was found to be responsible for the detoxification of
H,0; to HyO and O, [79]. Interestingly, the application of JA, SA, Pro, and their combination further
increased the activity of these enzymes under Pb toxicity in our experiment. JA treatment reduced
the negative effect of Pb stress by inhibiting Pb aggregation, restoring growth and photosynthetic
pigments, and activating enzymes (APX, CAT, and NADH peroxidase) and non-enzymes (GSH and
ascorbate) in Wolffia arrhiza plant antioxidants [80]. Further, it was found that the improvement of
growth in Cd-stressed plants as a result of SA exogenous application might be because SA acts at the
level of transcription and/or translation, thereby increasing the activity of different enzymes that are
necessary for plant growth [81]. Additionally, exogenous Pro increased the free Pro content, eliciting its
biosynthetic pathways [16] and the activity of the antioxidative enzymes CAT, POX, and SOD by acting
at the level of transcription and/or translation.

Pb stress significantly reduced the concentration N, P, and K, but it significantly increased the
Pb concentration in maize grains compared with non-Pb-stressed plants (Figure 4). The exogenous
application of JA, SA, Pro, and/or their combination significantly increased N, P, and K concentration
and decreased Pb concentration in grains of Pb-stressed maize plants (Figure 4). Pb was not detected
in the grains of non-Pb-stressed plants in the presence of JA, SA, Pro, and their combination or in
untreated plants. This was because the roots were the first organs to encounter the toxicity of the Pb
ions [82]. Pb is retained in the roots due to the binding of Pb ions to ion-exchange sites located on the
cell wall and due to extracellular precipitation. The accumulation of Pb in roots occurs via binding with
polysaccharides and with organic acids and cell walls in the roots and xylem vessels. Thus, Pb may
become immobile in the roots [83].

Pretreatment with JA, SA, Pro, and/or their combination limited the transport and mobility of Pb
from the maize roots to the grains (Figure 4). JA could serve as a signaling molecule to control the
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function of the phytochelatin biosynthetic pathway, or it could reduce the expression of HM conveyor
proteins that can minimize metal absorption in plants [64]. It was further noted that SA tends to increase
the SA biosynthesis to prevent plant detection by limiting the absorption and accumulation of HMs in
plant roots [81]. The increase in SA biosynthesis can increase the production of Pro, which appears to
act as a metal chelator of HMs in the cytoplasm. Chelation is essential for the detoxification of HMs,
and SA reduces the concentration of HM ions in the cytoplasm by preventing its transport across the
plasma membrane [84]. Furthermore, Ali et al. [85] and El-Beltagi et al. [86] demonstrated that Pro
alleviated water stress in maize and chickpea plants by promoting the absorption and accumulation of
essential nutrients, such as N, P, and K, indicating that Pro could regulate the absorption of mineral
nutrients in stressed plants.

5. Conclusions

The treatment of maize plants with JA, SA, Pro, and their combination significantly minimized
the negative effects of Pb on growth and on biochemical and yield traits. The relief provided by JA SA,
and Pro to plants under Pb stress might be due to the inhibition/minimizing of Pb accumulation in
maize plants, thereby decreasing the damage intensity to the membrane system by ROS produced
during oxidative stresses. Moreover, JA, SA, Pro, and their combination increased the uptake of
essential nutrients, such as N, P, and K, that are required for plant growth. Therefore, JA, SA, Pro,
and their combination enhanced photosynthesis-related activity. Furthermore, JA, SA, Pro, and their
combination modulated the activity of stress enzymes to ensure maximum protection for maize plants
against Pb stress. Moreover, this study may clarify the possible mechanisms involved in JA-, SA-,
and Pro-induced tolerance in maize against Pb toxicity. Our results showed that the combination of JA,
SA, and Pro was the most efficient treatment, followed by JA, to minimize the adverse effects of Pb and
enhance growth and physiological, biochemical, and yield characteristics as well as the concentration
of N, P, and K.
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