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Comprehensive abstract

Introduction

Maize (Zea mays L.) is one of the vital crop in the world, serving as a significant food source and
primary income for farmers, particularly in developing countries. It is also a key raw material for
various industries, including biofuel (ethanol) production. Moreover, drought stress, as one of the most
important environmental limiting factors, severely affects the growth, productivity and yield of maize.
Sustainable and eco-friendly solutions, such as the application of micronutrients and plant growth
regulators, can effectively enhance plants drought tolerance. Essential micronutrients like iron (Fe) and
zinc (Zn) play crucial roles in plant physiological and biochemical processes. Iron is involved in
nitrogen fixation processes and antioxidant enzyme activity, while zinc is vital for chlorophyll
synthesis and carbohydrate metabolism. Additionally, salicylic acid (SA), as a plant growth regulator,
is known to improve plant drought resistance. Given the arid and semi-arid climate of Iran and the
scarcity of water resources, it is essential to investigate innovative strategies to improve maize
performance under these conditions. The objective of this study was to evaluate the effects of
combined application of iron and zinc micronutrients along with salicylic acid on yield and growth
characteristics of maize under drought conditions.

Materials and methods

The experiment was conducted as a split plot factorial in a randomized complete block design with
three replications at the University of Gonabad, Khorasan Razavi Province, Iran, in 2019-2020
growing season. Irrigation at two levels including normal irrigation (non-stress or control) and drought
stress (complete cutoff irrigation from the grain filling stage) was considered as the main factor and
salicylic acid at two levels (foliar application and non-application or control), and micronutrient foliar
application at three levels (Fe, Zn, and non-application of micronutrient or control) were considered as
sub-factors. Minimum tillage was employed for land preparation. The used maize variety was SC704,
which is a high-yielding grain maize variety suitable for cultivation in semi-arid to temperate regions
with relative resistance to environmental stresses, especially drought. The measured traits included
plant height, ear diameter and weight, number of grains per row, 1000-grain weight, grain yield, and
harvest index. Statistical analysis of the data, including analysis of variance and comparison of means
with Duncan’s multiple range test, was performed using SAS software ver. 9.4 and the graphs were
drawn using Excel software ver. 14.
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Research findings

The results showed that drought stress significantly reduced all the studied traits, however, foliar
application of salicylic acid and micronutrients of iron and zinc effectively reduced the negative
effects of drought. The simultaneous foliar application of SA with Fe and Zn, especially under drought
conditions, led to a significant improvement in most of the studied traits, such as number of grains per
row, 1000-grain weight, grain yield and harvest index, so that the combined application of SA along
with Fe and Zn under drought conditions resulted in the greatest increase in grain yield (94.36% and
87.35%, respectively) and harvest index (77.42% and 99.42%, respectively) compared to other
treatments. Also, foliar application of zinc had more favorable effects on ear diameter, grain yield and
harvest index than iron. Moreover, foliar application of salicylic acid under drought stress conditions
increased key traits including plant height and 1000-grain weight by 16% to 37%. Also, combination
of salicylic acid and micronutrients synergistically enhanced the positive effects of their separate
application.

Conclusion

The results of this study showed that foliar application of salicylic acid and micronutrient iron and
zinc can be an effective strategy to reduce the negative effects of drought stress in maize. The
combined application of these substances significantly improved the yield and physiological
characteristics of maize plant. While foliar application of each micronutrient (iron or zinc) together
with salicylic acid led to positive results, investigating the synergistic effects of the combined
application of both micronutrients together with salicylic acid in future studies can clarify the
metabolic pathways of drought resistance, such as antioxidant enzyme activity and phytohormone
synthesis, and provide more optimal strategies to increase maize productivity in arid and semi-arid
climate regions.
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Table 1. Meteorological parameters during plant growth period in 2019-2020

Meteorological parameter April May June July August  September
Rainfall (mm) 0 49.5 0.5 0.5 0 0
Average monthly temperature (°C) 19.2 23.5 30.5 30.9 29.7 26.8
Maximum monthly temperature (°C) 26.4 36.5 42.4 42.8 39.7 38.8
Minimum monthly temperature (°C) 33 13 18.9 17.2 16.7 15.4
Monthly evapotranspiration (mm) 259.4 282.1 460.3 434.2 404.2 348.1
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Table 2. Characteristics of the soil and salicylic acid used in this experiment

Soil characteristics Value Salicylic acid characteristics Value

Total nitrogen (%) 0.019 Chemical formula C7HgO3
Available phosphorus (ppm) 8 Molar mass 138
Available potassium (ppm) 103 Density 14
Electrical conductivity (dS.m™) 4.2 Melting temperature (°C) 158
Soil organic carbon (%) 21.7 Boiling temperature (°C) 200
pH 8.1 Solubility in water (g.Lit!) 2.4
Soil texture Sandy loam pH 2.1
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Table 3. Analysis of variance of the effect of irrigation levels and foliar application of salicylic acid and

microelements on some growth characteristics and yield of maize

Mean square

Source of variation  df Plant Cob Cob No. of grains 1000-grain S Harvest
height diameter  weight per row weight Grain yield index
Replication 2 0.0003"™ 0.68™ 119.57™ 0.05™ 76.71™ 269993 0.13™
Drought stress (A) 1 0.18" 2241 57001 336.25™ 148285 19396390  178.97"
Main error 2 0.003 0.58 77.81 0.79 286 136256 1.37
Salicylic acid (B) 1 0.63" 20.92" 21867 81.59™ 51791 2251100™ 57.36™
Microelement (C) 2 0.29" 25.38" 7706™ 50.64™ 15648™ 6467445  161.73"
AxB 1 0.006" 0.14" 554 10.83" 5393 2097766" 31.01™
AxC 2 0.020" 1.46"™ 809" 5.05" 2813™ 1342377 20.04™
BxC 2 0.04™ 0.34™ 438™ 0.51™ 496™ 1229481™ 20.54™
AxBxC 2 0.001™ 5.35" 284" 3.12% 2244™ 1088604™ 17.71°
Sub-error 20 0.007 1.27 198 1.42 349 115741 3.14
CV (%) - 6.45 17.79 9.98 5.27 6.58 5.99 7.40

s, * and ™ Not-significant and significant at 5% and 1% probability levels, respectively.
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Table 4. Comparison of means of the irrigation levels and foliar application of salicylic acid and microelements
on some growth characteristics and yield of maize

Experimental factors Plant height (cm) Cob weight (g) No. of grains per row
No drought stress 1.43* 180.91* 25.69*
Drought stress 1.28° 101.32° 19.57°
Foliar application of salicylic acid 1.49* 165.76* 24.14*
Non-application of salicylic acid 1.22° 116.47° 21.12°
Foliar application of Fe 1.42¢ 149.54* 23.70*
Foliar application of Zn 1.47¢ 161.17* 23.93*
Non-application of microelement 1.18° 112.63° 20.26°

Means followed by similar letter in each trait and each experimental factor are not significantly different.
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Table 5. Comparison of means of the irrigation levels and salicylic acid foliar application interaction on some
growth characteristics and yield of maize

Salicylic acid Drought .Plant Cob diameter Cob weight No. of grains IOQO-grain Harvest
stress height (cm) (cm) (2) per row weight (g) index

Foliar application = Non-stress 1.58* 7.84* 209.48° 26.64* 373.95* 26.49*
Non-application 1.28> 6.44% 152.33° 24.73* 322.57° 25.82*
Foliar application Drought 1.40° 6.39% 122.04¢ 21.63° 270.07¢ 23.89*
Non-application stress 1.17¢ 4.74° 80.60¢ 17.52° 169.73¢ 19.51°

Means followed by similar letter in each column are not significantly different at 5% probability level.
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Table 6. Comparison of means of the interaction of irrigation levels and micronutrients foliar
application on some growth characteristics and yield of maize

Micronutrient Drought . Plant Cob diameter Cob weight No. of grains IOQO— grain Harvest
stress height (cm) (cm) (g) per row weight (g) index

Fe Non-stress 1.50% 6.27% 191.45* 26.69° 360.53* 25.30°

Zn 1.58° 9.12¢ 207.91* 26.37% 390.38* 30.27°
Non-application 1.21° 6.03% 143.36° 24.00° 293.87° 22.90°
Fe Drought 1.34%¢ 4.54¢ 107.64% 20.70¢ 239.85% 23.83°

Zn stress 1.36 6.93° 114.42° 21.49¢ 228.28¢ 24.21°
Non-application 1.15¢ 5.20% 81.90° 16.53¢ 191.56° 17.06°

Means followed by similar letter in each column are not significantly different at 5% probability level.
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Table 7. Comparison of means of the interaction of salicylic acid foliar application and micronutrients of on
some growth characteristics and yield of maize

Micronutrient Saligylic .Plant Cob diameter Cob weight No. of grains IOQO—grain Grain yield Harvest
acid height (cm) (cm) (2) per row weight (g)  (kgha') index

Fe Foliar 1.58* 5.98% 179.56® 25.01* 345.35*  6175.33%®  26.43®

Zn application | 53 8.92* 186.98" 25.41° 342.17°  6779.00°  29.40°
Non-application 1.36%¢ 6.45% 130.73%¢ 21.99% 278.50®  4821.72¢  19.74¢
Fe Non- 1.27¢ 4.83¢ 119.53¢ 22.38® 255.03°  5198.33%  22.70°

Zn application 1.41b¢ 7.13° 135.35%¢ 22.46% 276.48%®  6028.17% 25.08°
Non-application 1.00¢ 4.80¢ 94.52¢ 18.54° 206.93°  5049.18>  20.22°

Means followed by similar letter in each column are not significantly different at 5% probability level.
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Table 8. Comparison of means of the interaction of irrigation levels and foliar application of salicylic acid and Fe
and Zn micronutrients on some growth characteristics of maize

T . . Pl.ant .COb N.O' of 1000-grain Grain yield Harvest
Salicylic acid Micronutrient  height  diameter weight (g) grains per weight () (keha') index
(cm) (cm) TOW

Non-drought stress

Foliar application Fe 1.67° 7.37% 225.90° 28.02° 388.70°  6479.13°  26.63"
Zn 1.65%® 10.08* 24225 27.16™  426.40°  7783.73° 32.48°

Non-application 1.41¢¢  6.07°% 160.28>  24.75¢%  306.74%  4991.07° 20.38°

Non-application Fe 1.33%  5.17%f 157.00°  25.36™ 33235  5670.97°  23.98%
Zn 1.52% 8.16" 173.56°  25.58™  354.35¢  7135.13° 28.06

Non-application  1.00f 6.00°% 126.43°  23.25%  281.00" 6395.83  25.43%

Drought stress

Foliar application Fe 1.49¢ 4.58° 133.23¢ 22.00°  302.00% 5871.53%  26.23%
Zn 1.42¢ 7.76% 131.72¢  23.66%  257.95°  5774.27%  26.33"

Non-application 1.30%  6.83"¢ 101.19¢ 19.2° 250.25"  4652.37° 19.11¢

Non-application Fe 1.20¢ 4.50¢ 82.04d%* 19.40° 177708 47257707 21.42%
Zn 1.30%  6.11%% 97.12¢ 19.33f 198.62¢8  4921.207  22.09%

Non-application  1.00" 3.61" 62.62° 13.83¢ 132.87"  3702.53¢ 15.01F

Means followed by similar letter in each column are not significantly different at 5% probability level.
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Figure 1. Comparison of means of the interaction of drought stress and salicylic acid foliar application on grain
yield of maize. Means followed by similar letter are not significantly different at 5% probability level.
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Figure 2. Comparison of means of the interaction of drought stress and micronutrients foliar application on grain
yield of maize. Means followed by similar letter are not significantly different at 5% probability level.
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