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Abstract: Salinity is one of the most threatening abiotic stresses to agricultural production, alarmingly
expanding both through natural salinization phenomena and anthropogenic activities in recent times.
The exploration of sustainable and eco-friendly strategic approaches for mitigating the negative
impact of salinity on food crops is of vital importance for future food security. Therefore, our
study aimed to evaluate zinc oxide nanoparticles (ZnO-NPs) as potent salinity mitigators in maize
(Zea mays L.). Three ZnO-NPs foliar treatments (i.e., 0, 50, and 100 mg/L) were applied 40, 55, and
70 days after sowing on maize plants exposed to continuous salinities of 0 mM NaCl (S0), 60 mM
NacCl (51), and 120 mM NaCl (S3) in a semi-automated greenhouse facility. Results showed that
the highest salinity (i.e., 120 mM NaCl) significantly affected plant growth attributes, physiological
performance, nutrient profiles, antioxidant activity, plant yield, and yield-contributing characteristics
of maize plants. Thus, 120 mM NaCl resulted in —53% number of grains per cob (NG), —67%
grains weight per cob (GW), —36% 100-grains weight (HGW), and —72% grain yield per plant
(GY) compared to controls. However, foliar treatment of maize plants with ZnO-NPs successfully
mitigated salinity and significantly improved all studied parameters, except transpiration rate (TR)
and intrinsic water use efficiency (iWUE). Foliar application of 100 mg/L of ZnO-NPs alleviated NG,
GW, HGW, and GY by 31%, 51%, 13%, and 53%, respectively. Furthermore, principal component
analysis (PCA) and Pearson’s correlation further strengthened the significance of ZnO-NP application
as salinity mitigators.
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1. Introduction

Over 20% of irrigated lands are salt-affected soils, which may expand up to 50% by
2050 [1-4]. Anthropogenic activities, including excessive use of agrochemicals, industrial
waste, and unsustainable agricultural practices are further aiding the development of soil
salinity [3,5,6]. Soil salinity is also impacting ecosystems’ natural balance, biodiversity,
biochemicals in soil, sustainable food security, and the socio-economic health of farmers’
communities in more than 120 countries across the globe [4,7]. The conjunction of growing
food demand, urbanization, land degradation, climate change, and reduced availability
of freshwater for irrigation further complicates the problem and compels farmers to use
marginal lands such as saline soils and poor-quality irrigation water to enhance net agricul-
tural production [1]. Hence, using sustainable approaches to mitigate salinity has become
an important target for agronomic crops that are grown under environmental stresses.
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Soil salinity, when it reaches a threshold limit for any crop, negatively influences plant
growth, development, reproduction, and yield by creating osmotic stress and ionic toxic-
ity [8]. Salt accumulation in the root zone generates negative water potential, which restricts
water absorption and mineral uptake by root cells [9]. Moreover, the high concentration of
Na* disrupts the physical structure of soil by bringing soil colloids together, decreasing soil
infiltration rate, restricting the movement of water and air, and causing an anoxic situation
by promoting water logging [10]. Furthermore, prolonged exposure to saline environments
builds up Na* and Cl~ in cellular compartments of aerial plant tissues, which leads to
ionic toxicity [4]. At the subcellular level, soil salinity poses harmful effects by generating
reactive oxygen species (ROS) such as hydroxyl free radical (OH?®), singlet oxygen (10,),
and oxide ions (O, ™) [3]. In addition to ionic imbalance and structural damage to cellular
apparatuses, salinity disrupts the biosynthesis of photosynthetic pigments and impairs cell
functioning [11,12]. Also, salinity-mediated physiological water scarcity induces stomatal
closure, hinders gaseous exchange, and thus further decreases the rate of photosynthesis
in stressed plants [13]. In a nutshell, impaired metabolic activity, physiological traits, dis-
proportionate mineral uptake, and subsequent negative impact growth with a significant
reduction in crop yield. Therefore, the scientific community is in search of novel approaches
to reclaim saline soils and enhance salinity tolerability in crop plants. On-farm practices,
genetic modifications, the development of saline-tolerant crops, and aiding plants with
a number of natural and synthetic compounds are just a few of the many approaches
that can be used to alleviate salinity and enhance crop productivity [7,14,15]. However,
strenuous implications and auxiliary restraints such as skilled knowledge, imbalanced
ecosystems, environmental hazards, high costs, and low adaptability are restricting the
efficient utilization of salinity mitigation techniques.

Nanotechnology has emerged as a multipotent, efficient, and widely acceptable sci-
entific approach in life sciences such as agriculture [16-18]. Large surface area to volume
ratio, nano size, shape modifications, and capability of efficiently delivering multiple chem-
icals to cells are the key features of nanoparticles (NPs); thus, they are being tested as
nanofertilizers, nanopesticides, and delivery vehicles for various plant growth regulators
in agriculture [19,20]. Some recent studies have highlighted the potential of NPs as abiotic
stress mitigators and stimulants for plant growth and development largely correlated with
their nano sizes and efficacy to deliver minerals/chemicals at the subcellular level [18,21,22].
Metal oxide NPs are successfully gaining the immense attention of agricultural scientists
due to their high performance, cost-effectiveness, and eco-friendly nature [19,20]. However,
the excessive and unchecked use of NPs can cause oxidative stress in plants and may lead to
toxicity [23]. Therefore, sufficient attention and expertise are needed to select desired NPs,
understand their mechanisms of action in plants, optimize particle size, and determine
efficient and cost-effective doses as per the needs of the targeted plant species and the
nature of the abiotic stress [18].

Zinc (Zn) is an essential micronutrient for most crop species and plays an important
role in homeostatic and regulatory mechanisms in plants [24]. In addition to the biosyn-
thesis of plant hormones, i.e., abscisic acid, auxin, gibberellin, and cytokinin, Zn is also
involved in cell membrane stability, chloroplast development, and production of photo-
synthetic pigments [25]. Moreover, it regulates cellular metabolism, being a co-factor of
several key enzymes including ligases, hydrolases, isomerases, and transferases [26,27].
Also, Zn is well-known for its supervisory role in plant water relations, mineral uptake,
and chemiosmotic balance, thus helping to manage drought and salinity [28,29]. The appli-
cation of Zn fertilizers enhances salinity tolerance in plants by mitigating Na* excessive
uptake and accumulation and by regulating the Na* /K* ratio in plants under stress [30,31].
Exogenous Zn supply as Zn-NPs has an advantage over conventional Zn fertilizers due to
slow release, low cost, higher efficiency, and eco-friendly nature [32-34]. The application
of zinc oxide nanoparticles (ZnO-NPs) in agriculture is a promising approach to mitigate
salinity in plants; however, optimization of the dose and understanding of its efficacy and
crop-specific response is yet to be explored.
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Maize (Zea mays L.), is the 3rd most important staple cereal food crop and can be used
for food, feed and bioenergy purposes [35]. Since its domestication about 9000 years ago,
maize has been cultivated in nearly 200 M ha area globally, with an annual production
of 1200 million tons, 61% of which is directly used for livestock feed while 13% is used
for human consumption [36,37]. It is distributed across nearly all agroecological zones
in more than 165 countries worldwide due to its diverse and multiple-purpose nature,
in addition to its high adaptability [35]. Undoubtedly, since the green revolution, maize
production between 1960 and 2020 has consistently increased both in terms of area and
yield; however, the changing climate, predominant abiotic stress (i.e., salinity, drought, and
heat), land degradation, and exhaustion of natural resources are currently posing a serious
threat to its sustainable production [35,38]. Maize can tolerate mild salinity; however, its
early growth stages are sensitive to salinity, and it is hence generally categorized as a
“sensitive” crop [39]. Maize possesses significant intraspecific genetic variations in salinity
tolerance. Although a few saline-tolerant maize hybrids have been developed [40], salinity
management for maize is still largely dependent on on-farm practices. Thus, the following
experimental study aimed to evaluate the effect of foliar application of ZnO-NPs on maize
growth and physiological performance, antioxidant profile, mineral uptake, yield, and
yield-contributing attributes.

2. Materials and Methods
2.1. Nursery Preparation

Maize (Zea mays L., Hybrid-310) seeds were sterilized with 1.0% sodium hypochlorite
(NaOCl) solution for 15 min followed by three washes with tap water. Germination trays
(50 cm x 31 cm x 6 cm) with 96 (12 x 8) cells were filled with a mixture of peat moss and
sand (3:1). Three seeds per cell were placed at a depth of 1.5 cm; this was later on reduced
to one seedling per cell. The nursery was grown in a semi-controlled greenhouse with 14 h
of light at 27 + 1 °C and 10 h of dark at 23 £ 1 °C. The relative humidity was maintained
at 50-60%. For the first three days, germination trays were covered with a black polythene
sheet (1.0 mm) to prevent water loss.

2.2. Transplanting and Growth Conditions

A nursery of three weeks was transplanted to a semi-automatic greenhouse at the
College of Food and Agricultural Sciences, King Saud University, Kingdom of Saudi Arabia.
The growth conditions were maintained as 13 h of light at 30 &= 1 °C and 11 h of dark
at 23 £+ 1 °C, with relative humanity of 60-65% using Geosmart environment automated
control systems. Agricultural perlite (8-10 mm average diameter) was used as growth
media packed in polythene bags of dimensions 100 cm x 25 cm x 25 cm equipped with a
semi-closed hydroponic irrigation system. The plant-to-plant distance was maintained at
20 cm and irrigated for 120 s twice a day initially, gradually increasing to four irrigations
per day. The experimental study was conducted from April 2022 to August 2022.

2.3. Treatments and Experimental Design

The maize plants were treated with three salinity intensities: S0, S1, and S2 representing
control, 60 mM NaCl, and 120 mM NaCl, respectively. The salinity treatments were added
to the nutrient solution as described by Basit et al. [41] and the electric conductivity
(EC) and pH of the nutrient solution were adjusted to 1.1 dS m~! and 5.5, respectively.
Exogenous zinc oxide nanoparticles (ZnO-NPs) treatment was applied as a foliar spray 40,
55, and 70 days after sowing (DAS). The ZnO-NPs used in this study were obtained from
Sigma-Aldrich (St. Louis, MO, USA) as a 20% (w/v) hydro-suspension with an average
particle size of <40 nm. The experiment was arranged as a factorial randomized complete
block design (RCBD) with salinity as the main factor and ZnO-NPs as a sub-factor with
three replications.
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2.4. Plant Growth Parameters
2.4.1. Maximum Plant Height, Stem Diameter, and Plant Fresh and Dry Weights

At 94 DAS, physiological maturity—the maximum plant height (PH) in cm—was
measured for five plants from each experimental unit using a measuring tape. The stem
diameter (SD) was measured, in mm, five centimeters above the first root using a vernier
caliper. The diameter was measured from three sides of each stem to compute an average.
Five plants per treatment unit were randomly selected for all three replications. From each
treatment unit, three plants were harvested and plant fresh weights (FW) were measured
immediately using an electric balance. The aforesaid samples were then dried in an electric
oven until a constant dry weight (DW) was obtained.

2.4.2. Plant Growth Rate (PGR) and Leaf Growth Rate (LGR)

In order to monitor PGR (cm/day) using a non-destructive method, the plant height
was recorded for 8 weeks starting from 35 DAS, at a regular interval of 7 days, until 91 DAS.
Likewise, LGR (cm?/day was computed from leaf area measured using a portable leaf
area meter (LI-3000C) of LI-COR (Lincoln, NE, USA). Five plants from each experiment
unit were selected randomly and the sixth leaf from the bottom was tagged and regularly
measured at seven-day intervals for eight weeks, starting from 35 DAS to 91 DAS.

2.4.3. Leaf Area, Relative Water Contents (RWC), and Specific Leaf Weight (SLW)

Leaf area per plant (LA), m?/plant, was measured using a portable leaf area meter
(LI-3000C) of LI-COR (Lincoln, NE, USA) at 94 DAS for 3 plants per treatment unit. Five
leaf samples per plant for three plants per treatment were taken to compute specific leaf
weight (SLW). The leaf area of fresh samples was recorded using LI-3000C and samples
were then oven-dried at 71 °C until a constant weight was obtained. The data obtained
were used to measure SLW in mg/ cm?. Fresh leaf samples, discs of 2 cm diameters, were
taken from fully expanded leaves and weighed immediately to determine the fresh leaf
weight (FW). The samples were submerged in distilled water for 12 h and turgor weight
(TW) was recorded followed by oven dry weight (DW) for which samples were placed in
an electric oven at 70 °C until a constant weight was obtained. Leaf relative water content
(RWC) was computed as a percentage (%) using the equation given below (Equation (1)).

Turgor weight — Fresh weight
Turgor weight — Oven dry weight

RWC = x 100 )

2.4.4. Chlorophyll Index (SPAD) Maximum Quantum Yield of PS II [Fv/Fm]

The chlorophyll index was measured as SPAD reading using a portable SPAD 502 Plus
(Spectrum Technologies, Bridgend, UK) whereas the dark-adapted maximum quantum
yield of photosystem II (PS II) was recorded as Fv/Fm using a portable Handy PEA+
(Hansatech Instruments Ltd., Norfolk, UK). Both parameters were recorded between 9:00
and 11:00 a.m. and three readings were taken per plant from five plants per treatment.

2.4.5. Photosynthetic Performance and Gas Exchange

Photosynthetic and gaseous exchange parameters of maize plants were measured
using a portable LI-6400XT photosynthetic system (LI-COR, Li-COR, Lincoln, NE, USA)
from fully expanded leaves at 9:00-11:00 a.m. During the measurements, the internal envi-
ronment of the leaf chamber was adjusted to 25 + 1 °C, 400 umol-mol ™ 1CO,,800m~ 251
photosynthetic photon flux density (PPFD), and 60-70% relative humidity. Physiological
attributes such as rate of photosynthesis (Pn), stomatal conductance (Sc), intercellular CO,
concentration (Ci), and transpiration rate (TR) were recorded simultaneously for five plants
per treatment at 70 DAS. The intrinsic water use efficiency (iWUE) and photosynthetic
carboxylation capacity (PCC) were calculated as Pn/Sc and Pn/Ci, respectively.
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2.4.6. Determination of Na*, K*, Na*/K*, and Zn?* Concentrations

Dry leaf samples (0.5 g) were manually ground and digested following the method
described by Wolf [42]. The Na* and K* concentrations (g/kg of DW) in the sample
extracts were determined using a Flame Photometer (Corning 400, Sherwood Scientific Ltd.,
Cambridge, UK). The Na* to K* ratio (Na*/K") was computed from the results obtained,
while Zn?* concentration (mg/kg of DW) was determined with the help of Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) (PerkinElmer Optima 4300 DV
ICP-OES, Waltham, MA, USA).

2.4.7. Proline, Total Phenolic Contents, and Antioxidant

The proline content (Prol), in mg/g FW, was analyzed using fresh leaf samples (5.0 g)
mixed with 10 mL of sulfosalicylic acid (3% v/v) and centrifuged at 5000 rpm for 10 min in a
Benchtop Centrifuge-5810R (Eppendorf, Hamburg, Germany). The supernatant (2 mL) was
then homogenized with 2 mL each of ninhydrin and glacial acetic acid. The homogenous
mixture was incubated at 94-100 °C in boiling water for one hour followed by an ice
shock. A total of 4 mL of chromophore-containing toluene was collected after mixing
samples for 20 s. Using a UV-VIS spectrophotometer (SHIMADZU, Kyoto, Japan, UV1800)
measurement at 520 nm and a standard curve of known proline concentration, the proline
contents of the plant samples were analyzed [43]. The total phenolic contents (TPC), in
mg GAE/g FM, were measured by processing the fresh samples from leaves as described
by Tawaha et al. [44]. Fresh leaf (250 mg) samples were powdered in liquid nitrogen
followed by extraction with 80% ethanol (10 mL) at 37 °C. The phenolic extract was then
homogenized with methanol, cooled to 4 °C, and centrifuged at 3500 rpm. TPC was
estimated using the Folin-Ciocalteu colorimetric method as described by Singleton and
Rossi [45].

To analyze antioxidants’” enzymatic activity, 500 mg of fresh sample from newly
expanded leaves was taken. The leaf samples were powdered in liquid nitrogen followed
by homogenization with 50 mM phosphate buffer solution at pH 7.0. The mixture was
centrifuged at 15,000 rpm for 2 min at 4 °C and the supernatant was preserved through
enzymatic activity assays [46]. The antioxidant activity of superoxide dismutase (SOD)
was determined using the method by Kong et al. [47], where one unit of SOD activity was
taken to represent 50% inhibition of nitro blue tetrazolium (NBT) reduction. Likewise,
ascorbate peroxidase (APX) activity was recorded by following Zhu et al. [48], where
the consumption of ascorbate was analyzed at 240 nm for 60 s. Catalase (CAT) activity
was measured as consumption of HyO; for 3 min at 240 nm as described by Jiang and
Zhang [46]. All samples for Prol, PTC, and antioxidant enzymatic activity analyses were
taken 91 DAS from five plants per treatment.

2.4.8. Grain Yield and Yield-Related Attributes

Fully mature plants were harvested 115 DAS and maize cobs were left in sunlight for
3 days to maintain the lowest moisture content. Yield characteristics, i.e., number of grains
per cob (NG), grain weight per cob (g) (GW), 100-grain weight (g) (HGW), and grain yield
per plant (g/plant) (GY) were recorded for five samples per treatment unit.

2.5. Statistical Analyses

The data obtained for all studied parameters were subjected to statistical analysis
using Predictive Analytics SoftWare (PASW) Statistics 21.0 (IBM Inc., Chicago, IL, USA)
for analysis of variance (ANOVA). The treatment means were compared using the Least
Significant Difference (LSD) at p < 0.05. Pearson’s correlation coefficient was determined
using the XLSTAT statistical package (Version 2018, Excel Add-ins soft SARL, New York,
NY, USA), whereas principal component analysis (PCA) was conducted by subjecting the
pooled data from all three replications to Euclidean distance (version 3.11) to compute PCA.
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3. Results

Statistical analysis, i.e., ANOVA, depicted that salinity treatment significantly (p < 0.05)
affected maize growth as well as physiological, antioxidant, mineral uptake, and yield
attributes evaluated in this study. Likewise, foliar application of ZnO-NPs significantly
(p < 0.05) influenced all studied parameters, except TR and iWUE. Moreover, the interactive
effect of various combinations of salinity and foliar ZnO-NPs was also significant, excluding
SD, DW, iWUE, CE, and NG.

Plant growth parameters such as PH, SD, FW, DW, and RWC were significantly affected
by salinity. The 120 mM NaCl (S2) salinity resulted in —19%, —9%, —22%, —22%, and
—17% lower PH, SD, FW, DW, and RWC, respectively, compared to the control (50) (Table 1).
However, the foliar application of ZnO-NPs successfully ameliorated the salinity-induced
decline in maize plants’ growth attributes. Therefore, 100 mg/L of ZnO-NPs resulted in
31%, 20%, 27%, 27%, and 8% higher PH, SD, FW, DW, and RWC, respectively, compared
to untreated plants (control) (Table 1). Like their individual effects, the interactive effects
of various combinations of salinity and ZnO-NPs also recorded significant PH, FW, and
RWC; however, the results were non-significant for SD and DW. Thus, the maximum values
for PH (284.33 cm), FW per plant (508.63 g), and leaf RWC (83.47%) were found for the
combination of ZnO-NPs at 100 mg/L and salinity control (S0), whereas the minimum
values of PH, FW, and RWC of 168.33 cm, 347.43 g, and 63.27%, respectively, were found
for combined treatments of 120 mM NaCl (S2) stress under no ZnO-NPs (control) treatment
(Table 1).

Leaf performance attributes such as LA per plant (Figure 1A), Fv/Fm (Figure 1C), and
SPAD reading (Figure 1D) were significantly reduced by salinity, whereas SLW (Figure 1B)
was significantly increased. The S2 saline intensity (120 mM NaCl) resulted in —34%,
—21%, and —41% lower LA, Fv/Fm, and SPAD readings, respectively, compared to SO
(control); however, SLW increased by 16% under S2 conditions. Results obtained from our
study proved that the foliar application of ZnO-NPs in maize significantly neutralized the
deleterious effects of salinity (Figure 1). Thus, foliar application of 100 mg/L ZnO-NPs
resulted in 48%, 29%, and 42% higher leaf area, Fv/Fm, and SPAD, respectively, compared
to the control. Moreover, the aforesaid treatment reduced SLW by —13% compared to the no
ZnO-NPs application control (Figure 1B). Like their individual effects, the interactive effects
of various combinations of salinity and ZnO-NPs were also found to be significant for the
aforementioned parameters. The maximum values of leaf area (0.841 m2/ plant), Fv/Fm
(0.814), and SPAD (76.6 reading) were found for the combined treatment of 100 mg/L
ZnO-NPs with SO (saline control), whereas the lowest numbers 0.335 m?/ plant, 0.421,
and 25.2 SPAD reading were recorded for leaf area, Fv/Fm, and SPAD, respectively, for
the combination of ZnO-NPs control (0 mg/L) and 120 mM NaCl (S2). Contrary to other
parameters, the highest SLW (62.67 g/m?) (Figure 1B) was found for the combined treatment
of 0 mg/L ZnO-NPs and S2 (120 mM NaCl).

The growth responses of plants exposed to various salinity intensities and treated
with exogenous ZnO-NPs were monitored as PGR and LGR continually for 8 consecutive
weeks between 35 DAS and 91 DAS as shown in Figure 2. Results showed a decline in PGR
at 63 DAS in all treatment units; however, this change was sharper for 52 (120 mM NaCl)
compared to S0 and S1 (Figure 2A). However, the foliar application of 100 mg/L ZnO-NPs
significantly resulted in higher PGR under all salinity treatments, especially at early growth
stages (i.e., 42 DAS) and later growth stages (i.e., 70 DAS). Nearly similar results were
obtained for LGR, where salinity S1 and S2 resulted in overall lower LGR compared to the
control (50). Moreover, once again, the 100 mg/L ZnO-NPs foliar application improved the
LGR under all salinity intensities, especially between 49 and 63 DAS (Figure 2B).
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Figure 1. Effect of foliar application of ZnO-NPs (control, 50 mg/L, and 100 mg/L) on (A) leaf
area per plant, (B) specific leaf weight, (C) photochemical efficiency of PSII (Fv/Fm), and (D) SPAD
reading of maize plants grown under various salinity conditions. Different lowercase letters represent
the significance between different treatments of salinity and ZnO-NPs.
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Figure 2. Effect of foliar application of ZnO-NPs (control, 50 mg/L, and 100 mg/L) on (A) plant growth
rate (PGR) and (B) leaf growth rate (LGR) of maize plants grown under various salinity conditions.
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Table 1. The effect of foliar application of ZnO-NPs on maximum plant height (PH), stem diameter
(SD), fresh and dry weights per plant (FW, DW), and leaf RWC of maize plants grown under various
salinity conditions.

Treatments/Parameters Maximum Plant Stem Diameter Fresh Weight Dry Weight RWC
Height (cm) (mm) (g/Plant) (g/Plant) (%)
Salinity
S0 (0 mM NacCl) 249.67 A 18.31 A 526.23 A 117.06 A 82.36 A
S1 (60 mM NaCl) 22333 B 17.82 B 461.12 B 102.32 B 74.73 B
S2 (120 mM NacCl) 202.44 C 16.70C 412.09 C 91.58 C 68.37C
LSDy 05 2.67 0.28 6.37 2.23 0.92
ZnO-NPs
Control (0 mg/L) 191.78 C 15.79C 418.26 C 92.96 C 7226 C
50 mg/L 232.01B 18.02 B 450.61 B 100.08 B 75.03 B
100 mg/L 251.67 A 18.99 A 530.58 A 11792 A 78.17 A
LSDy 05 4.70 0.41 10.76 3.96 1.10
Salinity X ZnO-NPs
Salinity ZnO-NPs
Control 209.67 e 16.37 486.97 ¢ 108.21 81.77 a
(S(;)mM NaCl) 50 mg/L 255.00 b 18.63 508.63 b 113.52 81.83 a
100 mg/L 284.33 a 19.90 583.10 a 129.47 83.47 a
Control 197.33 £ 15.93 420.37 e 93.43 71.73d
(8610 mM NaCl) 50 mg/L 226.01d 18.28 446.07 d 98.53 74.77 ¢
100 mg/L 246.67 c 19.23 516.93 b 115.01 77.71b
Control 168.33 g 15.07 34743 g 77.23 63.27 £
(81220 mM NaCl) 50 mg/L 215.03 e 17.18 397.13 f 88.23 68.52 e
100 mg/L 224.00d 17.83 491.70 ¢ 109.31 73.33 cd
LSDy .05 8.14 0.71 18.63 6.86 1.90

S0 =0 mM NaC; S1 = 60 mM NaCl; S2 = 120 mM NaCl. Uppercase letters (A, B, C) represent significant differences
between the individual means of salinity and ZnO-NPs treatments, whereas lowercase letters (a, b, ¢, d, e, f, g)
represent salinity + ZnO-NPs interactive treatments. The numbers in bold are reparenting LSD at p < 0.05.

The photosynthetic and gaseous exchange performance under salinity was signifi-
cantly affected, especially under 120 mM NaCl (S2) stress intensity. Thus, the salinity S2
resulted in —49%, —51%, —35%, —23%, and —33% Pn, Sc, TR, Ci, and CE, respectively,
compared to the control (S0), whereas the iWUE improved by 4% in salinity plants (52)
compared to unstressed (S0) plants (Figure 3). However, the foliar application of ZnO-NPs
improved the aforementioned physiological attributes of maize plants by successfully
ameliorating the deleterious effects of salinity, except TR and iWUE. The foliar applica-
tion of 100 mg/L ZnO-NPs resulted in 15%, 15%, 8%, and 7% higher Pn, Sc, Ci, and CE
respectively, compared to the control (Figure 3A,B,D,F). However, the interactive effects of
various combinations of ZnO-NPs and salinity were less consistent. The interactive effects
were significant for Pn, Sc, and CE but non-significant for TR, Ci, and iWUE (Figure 3). The
combined treatment of 0 mg/L ZnO-NPs (control) and 120 mM NaCl (S2) resulted in lowest
values for Pn (16.41 umol m—2 s~ 1), Sc (136.62 umol H,O m~2 s~ 1), and CE (0.0517 Pn/Ci),
whereas the highest Pn (36.52 pmol m~2 s~ 1) and Sc (327.33 umol H,O m~2 s~ 1) values
were found for the combination of 100 mg/L ZnO-NPs and 0 mM NacCl (S0).
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Figure 3. Effect of foliar application of ZnO-NPs (control, 50 mg/L, and 100 mg/L) on (A) rate of
photosynthesis (Pn), (B) stomatal conductance (Sc), (C) transpiration rate (TR), (D) intercellular CO,
concentration (Ci), (E) intrinsic water use efficiency (iWUE), and (F) carboxylation efficiency (CE) of
maize grown under salinity. Different lowercase letters represent the significance between different
treatments of salinity and ZnO-NPs.

The antioxidant defense attributes of enzymes such as SOD, CAT, and APX, and
non-enzymes, i.e., Proline (Prol) and total phenolic contents (TPC) of maize plants were
significantly affected by salinity. Salinity at 120 mM NaCl (52) resulted in a 348% increase
in proline content, whereas a 30% increase in TPC was found in plants under 60 mM
NaCl (S1) stress compared to the control (S0). Antioxidant enzymatic activity of SOD,
CAT, and APX increased by 77%, 95%, and 102%, respectively, when maize plants were
subjected to S2 (120 mM NaCl) salinity compared to the control (Table 2). Interestingly,
the foliar application of ZnO-NPs at 100 mg/L further facilitated antioxidant defense
mechanisms; therefore, increases of 16%, 22%, and 26% were recorded for SOD, CAT,
and APX, respectively. Like enzymatic activity, application of 100 mg/L ZnO-NPs also
improved TPC by 30% compared to the control but resulted in —63% lower proline content
(Table 2). Moreover, the interactive effects of ZnO-NPs and salinity were also highly
significant for the antioxidant profile of maize plants. The combined treatment of S2
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and 100 mg/L ZnO-NPs resulted in maximum antioxidant activities of 188.67 U/gFW
for SOD, 66.33 U/gFW /min for CAT, and 41.67 umol/gFW /min for APX. The highest
proline contents were obtained for plants grown with 120 mM NaCl and not treated with
ZnO-NPs, whereas the highest values of TPC were obtained for plants treated with 100 mg
ZnO-NPs/L and grown with 60 mM NaCl (Table 2).

Table 2. The effect of foliar application of ZnO-NPs on leaf proline content, total phenolic content, and
antioxidant enzymatic activity of SOD, CAT, and APX of maize plants grown under salinity conditions.

Treatments/Parameters Proline Phenolic SOD CAT APX
(mg/gFW) (mgGAE/gFM) (U/gFW) (U/gFW/min) (umol/gFW/min)
Salinity
S0 (0 mM NaCl) 048C 47.25B 98.67 C 31.56 C 19.56 C
S1 (60 mM NacCl) 1.65B 61.40 A 137.11 B 47.56 B 29.11B
S2 (120 mM NacCl) 215A 3511C 175.11 A 61.44 A 39.56 A
LSDy 05 0.05 2.26 2.15 0.80 1.53
ZnO-NPs
Control (0 mg/L) 238 A 41.06 C 126.56 C 4256 C 25.33C
50 mg/L 1.02B 49.21 B 137.89 B 46.01 B 28.02 B
100 mg/L 0.88 C 53.49 A 146.44 A 52.00 A 31.89 C
LSDg 05 0.06 1.33 1.90 1.61 1.21
Salinity X ZnO-NPs
Salinity ZnO-NPs
Control 0.49 £ 4432 e 93.331 2399 ¢ 18.67 g
(S(?mM NaCl) 50 mg/L 0.48 f 47.39d 98.33 h 3101g 19.00 fg
100 mg/L 0.46 f 50.03 ¢ 10433 g 3433 f 21.01 f
Control 2.83b 52.06 ¢ 126.33 £ 41.67 e 25.67 e
(8610 mM NaCl) 50 mg/L 1.17d 61.52b 138.67 e 45.67 d 28.67 d
100 mg/L 0.96 e 70.62 a 146.33 d 55.33 ¢ 33.00
Control 3.83a 2679 g 160.01 ¢ 56.67 ¢ 31.67 ¢
(81220 mM NaCl) 50 mg/L 1.39¢ 38.71f 176.67 b 61.33b 36.33b
100 mg/L 1.21d 39.83 £ 188.67 a 66.33 a 41.67 a
LSDy .05 0.11 2.31 3.28 2.78 2.10

S0 = 0 mM NaCl; S1 = 60 mM NaCl; S2 = 120 mM NaCl. Uppercase letters (A, B, C) represent significant differences
between the individual means for salinity and ZnO-NPs treatments, whereas lowercase letters (a—i) represent
salinity + ZnO-NPs interactive treatments. The numbers in bold are reparenting LSD at p < 0.05.

The elemental profiles of Na*, K*, Na*/K*, and Zn?* concentrations in maize leaves
were significantly affected by salinity. The 120 mM NaCl intensity resulted in 369% and
581% higher Na* concentration and Na* /K* ratio, respectively, but reduced K* concen-
tration by —28% and Zn** by —41% compared to SO (Figure 4). The foliar application
of ZnO-NPs significantly minimized salinity based on the modifications in the aforesaid
parameters. ZnO-NPs (100 mg/L) reduced Na* and Na*/K* ratio by —19% and —42%,
respectively, in comparison to the control (Figure 4A,C). However, the same treatment
(100 mg/L ZnO-NPs) improved K* and Zn?* concentrations by 30% and 92%, respectively,
compared to the control (Figure 4B,D). The interactive effects of various combinations of
ZnO-NPs and salinity were also significant for Na* and K* concentrations and for the
Nat/K* ratio; however, the interactive effect for Zn?* was non-significant. The combined
effect of 52 (120 mM NaCl) and ZnO-NPs control (0 mg/L) resulted in the maximum
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Figure 4. Effect of foliar application of ZnO-NPs (control, 50 mg/L, and 100 mg/L) on (A) Na*
concentration, (B) K* concentration, (C) Na*/K* ratio, and (D) Zn** concentration in leaves of maize
plants grown under salinity conditions. Different lowercase letters represent the significance between
different treatments of salinity and ZnO-NPs.

Salinity significantly hampered grain yield and yield-related attributes such as the
number of grains per cob (NG), grain weight per cob (GW), 100-grain weight (HGW), and
grain yield per plant (GY). In comparison to SO, salinity at 120 mM NacCl (52) reduced
the NG, GW, HGW, and GY by —53%, —67%, —36%, and —72%, respectively (Figure 5).
However, the foliar application of ZnO-NPs successfully ameliorated the salinity-induced
decline in yield and yield attributes; thus, the 100 mg/L ZnO-NPs application improved
NG, GW, HGW, and GY by 31%, 51%, 13%, and 53%, respectively (Figure 5). Like their
individual effects, the interactive effects of various ZnO-NPs and salinity combinations
were also significant for all aforesaid yield attributes. The combination of 100 mg/L ZnO-
NPs and salinity control (S0) resulted in maximum NG (226.00), GW (65.67 g), HGW
(29.07 g), and GY (201.02 g), whereas the lowest values of NG (77.00), GW (12.80 g), and
GYt (24.40 g) were recorded for the combination of ZnO-NPs control (0 mg/L) and 120 mM
NaCl (Figure 5).

Pearson’s correlations conducted for combined exogenous ZnO-NPs treatments and
various salinity intensities are depicted in a correlation matrix in Table 3. Most of the growth
attributes, such as DW and LA, resulted in strong correlations with plant yield (GY) and
physiological traits such as photosynthesis (Pn) and stomatal conductance (Sc), whereas
strong negative correlations were found between growth attributes, i.e., iWUE and Na* /K*,
and antioxidants, i.e., SOP, CAT, and APX. Similarly, most of the growth, physiological, and
biochemical traits were significant in correlation with yield (GY), except iWUE, Na* /K*,
and antioxidants (SOP, CAT, and APX), which had strong negative correlations with yield
(Table 3).
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Figure 5. Effect of foliar application of ZnO-NPs (control, 50 mg/L, and 100 mg/L) on (A) number
of grains per cob, (B) grain weight per cob, (C) 100-grain weight, and (D) grain yield per plant of
maize grown under salinity conditions. Different lowercase letters represent the significance between
different treatments of salinity and ZnO-NPs.
Table 3. Pearson’s correlation matrix of maize plants’ response to foliar application of ZnO-NPs and
various salinity intensities.
Variables DW LA RWC Pn Sc iWUE SOD CAT APX Na'/K* Zn** GY
DW - *%4% *%% * *3% ns * ns ns *% *%4% *%
LA 0.986 - Lot * % *k ns * ns ns *ok Lt Lot
RWC 0.914 0.929 - xE A% ns ** * ns AE ** wAE
Pn 0789 0804  0.931 - wa ns e * * wrx * wax
Sc 0813 0832 0953  0.993 - ns wrx * * e * e
iWUE —-0.562 —0581 —0596 —0.366 —0.468 - ns ns ns ns ns ns
SOD —0.693 —0.728 —0.865 —0.912 —0.940 0.570 - wE e w* ns kx
CAT —-0432 —-0470 —0.721 —0.803 —0.832 0.533 0.918 - wE o ns o
APX -0376 —0.422 —-0.654 —0.776 —0.802 0.469 0.904 0.981 - ns ns **x
Na*/K* —0.838 —0.858 —0.960 —0.936 —0.943 0.493 0.867 0.724 0.650 - o ok
Zn*t 0.935 0.963 0.854 0.777 0.784 —-0.393 —-0.638 —0351 —0.330 —0.803 - o
GY 0.881 0.910 0.967 0.945 0972 —-0.594 —0.929 —0.777 —0.755 —0.918 0.851 -

ns = non-significant; * = p < 0.05; ** = p < 0.01; ** = p < 0.001; The upper right half part of the table presents the
significance, while the lower left half of the Table presents the values of the correlation. The numbers in bold are
reparenting significance at p < 0.05.

PCA was performed to assess the impact of salinity and exogenous application of
ZnO-NPs on maize plants. The analysis revealed that 99.39% of the overall diversity was
captured. PC1 accounted for 89.78% of the variation, followed by PC2 with 7.24%, and PC3
with 1.42%. PC1 had the highest eigenvalue (21075.1), followed by PC2 (1700.8) (Table 4).

Biplot analysis was performed to identify the best treatment (combination of salinity
and ZnO-NPs application) for maize plants. Similarly, the ideal characteristics were also
determined based on the best performance under PC1 and PC2. The treatment S0Z2 (0 mM
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NaCl + 100 mg/L ZnO-NPs) and 5172 (60 mM NaCl + 100 mg/L ZnO-NPs) showed
superior performance in PC1. Likewise, the most notable features, including fresh weight
(FW), dry weight (DW), plant height (PH), CAT, SOD, Zn?*, proline content (Prol), and
SPAD readings were observed in PC1, quadrant 1. In general, biplot analysis supported
the foliar application of ZnO-NDPs, as the results indicated that ZnO-NPs enhanced plant
performance under salinity (Figure 6). The foliar application of ZnO-NPs to salt-stressed

plants showed a positive influence on most of the studied traits of maize in both quadrants
of PC1.

Table 4. Eigenvalues, variance proportions, cumulative eigenvalues, and cumulative variances for
each component of principal component analysis (PCA) performed for various traits of maize plants
treated with ZnO-NPs under multiple salinity intensities.

. . o Cumulative Cumulative
PC Eigenvalue Variance (%) Eigenvalue (%) Variance (%)
1 21,075.1 89.786 21,075.1 89.786
2 1700.78 7.2458 22,775.88 97.0318
3 333.833 1.4222 23,109.713 98.454
4 219.707 0.93601 23,329.42 99.39001
soz2 907
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Figure 6. Biplot analysis (PC1 and PC2) of combined data of various ZnO-NPs treatments and salinity
intensities.

4. Discussion

Over accumulation of salts in plants’ root zones, generally referred to as “salinity”, in-
duces subsequent abiotic abnormalities such as oxidative stress and physiological drought,
which consequently impairs plants’ growth, metabolism, physiological balance, and, ul-
timately, yield [8,12,13]. Our findings highlighted the deleterious impact of salinity on
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30 different indicators of maize plants and thus the importance of mitigating salinity. How-
ever, the foliar application of ZnO-NPs has proven to be a significant stress mitigator and
thus can be assumed to be a potential strategy for enhancing saline tolerance in crops.
Seedling establishment followed by plant growth are the primary developmental
stages in agricultural crops that are directly influenced by salinity [9,12,49,50]. Zea mays
is known as a “sensitive to moderately sensitive” crop when it comes to salinity; thus,
salinity may hamper its growth and development significantly [51,52]. In this study, plant
growth attributes such as maximum plant height (PH), stem diameter (SD), fresh and dry
weights per plant (FW, DW), and leaf relative water contents (RWC) were significantly
reduced in plants exposed to 120 mM NaCl (52) compared to unstressed plants (S0) (Table 1).
Furthermore, leaf area per plant (LA), specific leaf weight (SLW), chlorophyll index (SPAD-
reading), and photochemical efficiency of PSII (Fv/Fm) were also significantly affected by
salinity (Figure 1). The continuous monitoring of plant growth using plant growth rate
(PGR) and leaf growth rate (LGR) (Figure 2) are growth indicators that further strengthened
our findings. Understandably, the impaired plant growth under salinity can be attributed to
the over-accumulation of Na* and Cl~ ions in different cellular compartments of both root
and aerial plant organs [4,53]. The accretion of these ions up to noxious levels interferes
with genetic expression, protein synthesis, enzymatic activity, energy metabolism, and cell
division, damages the cellular ultrastructure and eventually may cause cell death [12,54]. In
addition to ionic toxicity, salinity causes osmotic imbalance, denaturation of cell membranes,
osmolyte leakage, and nutrient imbalance, thus affecting turgor pressure, cell elongation,
and morphological features of stressed plants [4,55,56]. Even though most plants are
capable of osmoregulation through biosynthesis of compatible organic electrolytes, it may
cost them 10-fold higher energy, which becomes even worse under continuous exposure to
hypertonic solutions, such as in our study [57]. Therefore, the efficient sequestration of Na*
ions and osmoregulation exert additional energy demand on cellular metabolism and thus
affect plant growth and development [58]. However, the foliar application of ZnO-NPs,
especially at 100 mg/L, successfully ameliorated salinity-induced reduction in studies of
growth parameters (Table 1, Figures 1 and 2). The exogenous application of ZnO-NPs
possibly contributed to a slow and persistent supply of zinc ions (Zn?*), which elevated
salinity tolerance by improving antioxidant activity and maintaining cell stability [24,34].
The zinc provided by ZnO-NPs promotes endogenous plant regulators/growth promoters
such as indole-3-acetic acid (IAA) and gibberellic acid (GA3), which contribute to metabolic
activity, cell elongation, and cell division, and thus enhance plant growth [25,59]. Zafar
et al. [60] reported that foliar application of ZnO-NPs significantly alleviated salinity in
spinach (Spinacia oleracea) by regulating biochemical activity, promoting the biosynthesis of
chlorophyll and thus resulting in higher plant growth, fresh weight, and dry weight. In
Brassica napus L., seed priming with ZnO-NPs resulted in significantly higher shoot length
and weight even under 150 mM NaCl salinity compared to the control [61].
Photosynthetic activity (Pn), gaseous exchange (Sc), and associated physiological
characteristics such as transpiration rate, Ci, iWUE, and the carboxylation efficiency of
maize plants were significantly affected by salinity, i.e., 120 mM NaCl, compared to the
control. However, the exogenous application of ZnO-NPs, especially 100 mg/L, signifi-
cantly alleviated stress-induced alteration in physiological performance and resulted in
much higher values of the aforementioned parameters, even under 120 mM NaCl stress
(Figure 3). Explicably, oxidative stress induced by salinity disrupts the central dogma of
protein synthesis, damages cellular organelles, impairs cell metabolic functions, hinders
enzymatic activity, and reduces the biosynthesis of photosynthetic pigments such as chloro-
phyll [11,12]. On the other hand, ionic toxicity due to hyperaccumulation of Na* in cellular
compartments denatures the thylakoid membrane and results in swollen chloroplasts under
salinity [62,63]. Moreover, salinity suppresses the net rate of photosynthesis by impeding
electron transport rate (ETR) non-photochemical quenching (NPQ) and maximum quantum
yield of PSII, and by inducing photo-inhibition and over-excitation of energy in the electron
chain [54,64]. In hypertonic nutrient solution in the root zone, Na* competes with several
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metallic cations and reduces the nutrient uptake required for biosynthesis of photosynthetic
pigments and biochemical activity of photosynthetic enzymes, which subsequently lowers
net CO, assimilation, iWUE, and carboxylation efficiency in stressed plants compared to
unstressed plants [54,65]. Furthermore, the lower K* absorption in response to salinity
leads to interrupted guard cells” functionality, which subsequently affects stomatal aperture
and closure. Thus, ex-osmosis in the root zone, physiological drought, stomatal closure,
reduced transpiration rate, and gaseous exchange result in interrupted photosynthetic
activity in salinated plants [13,58,66,67].

The ZnO-NPs-associated increase in photosynthetic performance can be attributed to
the role of Zn?* ion as a cofactor of several key metabolic enzymes, including transferases,
isomerases, hydrolases, and ligases, thus directly improving cellular performance when
available in adequate amounts [26,27]. Moreover, Zn?* has recurrently been reported as an
authoritative ion in osmoregulation, mineral uptake, and water relations; therefore, it can
potentially minimize salinity-induced physiological drought and ionic toxicity, which conse-
quently improves gaseous exchange in stressed plants [28,29]. Furthermore, the application
of ZnO-NPs stimulates the biosynthesis of photosynthetic pigments by ameliorating the
negative effects of ionic toxicity caused by salinity or heavy metals [68,69]. Faizan et al. [70]
reported that the application of ZnO-NPs results in significant improvement in chlorophyll
structure, fluorescence efficiency, photochemical efficiency of PSII, and rate of photosyn-
thetic in Oryza sativa L. under cadmium (Cd) ionic stress. According to Zafar et al. [60],
seed priming with ZnO-NPs improved the biosynthesis of chlorophyll a, chlorophyll b, and
carotenoids in Spinacia oleracea L. when exposed to salinity. Likewise, in Triticum aestivum
L., seed priming with ZnO-NPs successfully ameliorated salinity-mediated damage to
cellular structures and imbalance of electrophoretic profile of shoot proteins, and reduced
chlorophyll production and photosynthetic performance [71]. The foliar application of
ZnO-NPs in Triticum aestivum L. improved photosynthetic activity, metabolism, and rate of
transpiration by minimizing the oxidative damage of photosynthetic apparatus caused by
salinity [68].

Prolonged salinity in plants stimulates secondary stresses such as ionic toxicity and
physiological drought, which consequently lead to the hyperproduction of ROS [4,72,73].
The over-accumulation of ROS in cellular compartments results in the denaturation of
proteins, lipid peroxidation of cellular membranes, oxidative damage of nucleic acids,
impaired signal transduction, and electrolyte leakage, which consequently affects chemios-
motic potential, cell water relations, secondary metabolites, and hence cell elongation,
division, differentiation, and functionality [55,56,74,75]. Our findings showed that maize
plants under salinity, especially 120 mM NaCl, had significantly higher enzymatic antiox-
idants (i.e., SOD, CAT, APX) and nonenzymatic antioxidants (proline and total phenolic
contents) compared to controls (Table 2). Plants possess a natural antioxidant defense mech-
anism consisting of both antioxidant enzymes and non-enzymatic molecules to scavenge
ROS under stress conditions such as salinity [3]. Thus, enhancing antioxidants such as
SOD, CAT, APX, proline, and TPC is crucial for withstanding salinity and can be used as a
biomarker of stress tolerance in plants [Mittler, 2002]. As a first line of antioxidant defense,
SOD catalysis generates hydroxyl free radicals, singlet oxygen, oxide ions, and hydrogen
peroxide [3,76], whereas APX possibly helps in cell signaling regulation, while CAT is vital
for ROS scavenging [74,77]. Phenolic compounds and proline play an important role in
preventing protein detitanation and lipid peroxidation, thus maintaining cell membrane
stability under salinity [78]. Therefore, in the current study, special attention was paid to
the antioxidant activity of maize plants, and the effect of ZnO-NPs foliar application on
antioxidants was evaluated. Our results showed that exogenous application of 100 mg/L
ZnO-NPs significantly improved antioxidant enzymatic activity, i.e., SOD, CAT, and APX,
and improved TPC and proline contents compared to untreated plants (Table 2). According
to some recent studies, the exogenous aid of ZnO-NPs mitigates abiotic stresses in plants
by improving antioxidant defense mechanisms, antioxidants enzymatic activity, and pro-
moting carbohydrate metabolism [79-83]. Ali et al. [84] reported that foliar application of
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ZnO-NPs at 100 mg/L in Hordeum vulgare under 100 mM NaCl stress significantly improved
antioxidant activity (i.e., SOD, CAT, and APX) in leaf tissues of nine genotypes. Likewise, in
Gossipyum barbadense, fertilization with Zn nanoparticles at 200 ppm significantly enhances
salinity tolerance by improving antioxidant activity [85]. Plants under salinity can sense
Na* ionic toxicity and hyperosmosis, which stimulate different cell signaling mechanisms
such as ROS production and mitogen-activated protein kinase (MAPK), which triggers
antioxidant enzymes against salinity [86]. Due to their smaller size and higher affinity,
ZnO-NPs can penetrate through cell membranes and are known to stimulate K* channels,
MAPK, and antioxidant activity to enhance tolerance in stressed plants [87].

Salinity management and tolerance mechanisms in plants are fundamentally depen-
dent upon Na* and K* chemiosmotic balance. Both Na and K belong to the same group
of “alkali metals” and thus share nearly similar chemical properties, hydrated ionic radii,
and protein channels on cellular membranes [88]. At symplastic entry sites, Na* competes
with K*; therefore, under saline conditions, higher uptake and hyperaccumulation of Na*
ions significantly lower the K* ion concentration in plants’ aerial organs and thus increase
the Na*/K* ratio [12,72]. Our results highlighted a significant decrease in K* and Zn?*
concentrations while increasing Na* and the Na* /K* ratio, especially under 120 mM NaCl
stress compared to control/unstressed plants (Figure 4). Abdelaziz et al. [89] reported
that, compared to unstressed tissues, significant downregulation of genes associated with
K* affinity and K* inward-rectification channels were found in Arabidopsis root tissues
under salinity due to Na™ toxicity. A sufficient concentration of K* is vital for the biosyn-
thesis of osmoticum, cytosolic enzymes’ optimum activity, cell membrane integrity, and
chemiosmotic potential [74,88]. Therefore, in our study, prime attention was devoted to
ionic balance and the effect of ZnO-NP application on Na*, K*, and Zn?* concentrations.
The results showed that, compared to the control, foliar application of 100 mg/L of ZnO-
NPs significantly increased K* and Zn?* in maize leaves but reduced Na* and Na*/K*
ratio, even under salinity conditions (Figure 4). The supervisory role of Zinc in helping
plants under saline and drought stresses manage mineral uptake, plant water relations,
and chemiosmotic balance has been reported [28,29]. Thus, the exogenous supply of Zn
significantly mitigates Na* ionic toxicity by suppressing Na* uptake and hyperaccumula-
tion and consequently maintains the Na* /K" ratio in addition to the Zn?* content [30,31].
Salinity-induced ionic imbalance creates K* deficiency, which in return hampers plant
growth both at cellular and organismic levels [90]. However, the exogenous application
of Zn as ZnO-NPs enhances salinity tolerance in plants by promoting K* accumulation
rather than Na* [91,92]. El-Badri et al. [61] reported that Brassica napus L. seed priming
with ZnO-NPs under salinity significantly substituted Na* with K*, Ca?*, and Zn?* in the
cell cytosol. Likewise, in Solanum tuberosum L. under drought stress, foliar application of
100 mg/L ZnO-NPs encouraged K*, CaZ*, P, and Mngr (macronutrients), and Zn** and
Fe?* (micronutrients) [93].

The economic yield of crop plants itself is an aggregative consequence of several
growth, developmental, physiological, biochemical, and homeostatic events that are vulner-
able to abiotic stresses such as salinity [65,94]. Several reports have concluded that insuffi-
cient photosynthesis and poor physiological performance of plants under salinity result
in low CO, assimilation and, hence, grain yield [8,65,95]. Moreover, salinity management
strategies such as osmoregulation, active uptake of mineral ions, biosynthesis of antioxi-
dants, organic osmolytes, and ROS scavenging cost additional metabolic energy [50,52,57].
Therefore, reprioritization of photosynthetic products and energy compounds, and carbon
partitioning under salinity cause lower biomass production and economic yield compared
to unstressed plants [65,96]. In the current study, maize yield attributes such as the num-
ber of grains per cob, grain weight per cob, 100-grain weight, and grain yield per plant
were significantly reduced by salinity, especially when plants were exposed to continuous
120 mM NaCl stress (Figure 5). Some of the recent studies have reported nearly similar
findings for Solanum lycopersicum [97-99], Cucumis sativus [100,101], and Lactuca sativa [102].
However, the foliar application of ZnO-NPs in our study successfully mitigated salinity and
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thus significantly improved the aforesaid maize yield attributes even under high salinity
(120 mM NaCl). The exogenous supply of 100 mg/L of ZnO-NPs compared to the control
performed significantly better at ameliorating the negative impact of salinity in yield and
yield attributes (Figure 5). Zinc (Zn) is an essential micronutrient for most agricultural
plants; therefore, an adequate supply of Zn is vital for crop yield and quality, and its
deficiency caused by salinity results in serious losses during crop production [85]. In most
essential cellular processes such as DNA replication, transcription, and protein synthesis,
and the biosynthesis of chlorophyll, lipids, carbohydrates, and hormones, Zn plays an
important role as a co-factor of several key enzymes. Moreover, it regulates the uptake
of phosphates, Ca, K, and Na, and thus maintains osmoregulation in plants under abiotic
stresses [24,29,87]. Therefore, the exogenous application of Zn nanoparticles potentially im-
proves the yield and quality of crop plants by providing Zn and mitigating the deleterious
effects induced by salinity. Seleiman et al. [93] reported that foliar application of ZnO-NPs
at 100 mg/L significantly improved quality and yield characteristics in Solanum tuberosum
under water-deficit stress. Likewise, the application of ZnO-NPs in Trilicum aestivum under
10dSm™! salinity improved grain yield by 42.2% [82].

Moreover, Pearson’s correlation (Table 3) highlighted the strength of the correlation
between various growth, physiological, photosynthetic, biochemical, mineral, and yield
attributes of maize plants under the combined effect of salinity and ZnO-NPs applications.
PCA further portrayed the influence of ZnO-NPs and salinity on the distribution of various
studied parameters within the PC components (Figure 6). Thus, it can be proposed that
the exogenous application of ZnO-NPs in maize can assist with tolerating salinity via
significant improvement in growth, physiological, antioxidant, and yield performance.
According to Sneath and Sokal et al. [103], multivariate analysis techniques such as anal-
ysis of variance (ANOVA), correlation, and PCA are significant for understanding the
impact of various treatments or plant species under abiotic stress intensities. Our results
(Figure 6) depicted the variations among the studied attributes and the decreases under
various combinations of ZnO-NPs applications and salinity intensities. Nearly similar
findings of phenotypic variability under salinity were also reported for Vicia faba [104] and
triticale [105]. Principal component analysis is a technique that is widely used in plant
breeding and screening programs to cluster genotypes and study traits under various
stresses/treatments. Otie et al. [106] reported that the combination of salinity and foliar
application of 24-Epibrassinolide in Glycine max resulted in clusters.

5. Conclusions

Salinity stress, particularly 120 mM NaCl, resulted in a significant reduction in plant
growth attributes, photosynthetic efficiency, gaseous exchange, physiological mechanism,
mineral uptake, antioxidant profile, and grain yield of maize. However, foliar application of
ZnO-NPs mitigated salinity-induced stress and significantly improved the abovementioned
traits of maize grown with either 60 or 120 mM NaCl. The highest exogenous application
of ZnO-NPs (i.e., 100 mg/L) resulted in higher grain yields for salt-stressed maize in
comparison to those that were not treated with ZnO-NPs. The increment in the yield of
maize treated with ZnO-NPs was attributed to enhanced growth, improved physiological
performance, optimization of mineral uptake and osmotic balance, and strengthened
antioxidant defense mechanism contributed by exogenous ZnO-NPs application.

6. Recommendations

The exogenous application of ZnO-NPs in agronomic crops under salinity could be
considered an eco-friendly and cost-effective salinity mitigator. However, prior to its
commercial application, further exploration of its efficacy in various climatic conditions,
optimization of crop-specific doses and application methods may increase the effective
utilization of such a strategic approach to benefit the farming community and, thus, global
food security.
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