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ABSTRACT 
Maize is a strategic commodity because of its high productivity and diverse uses. To investigate the impact of different levels of nano-

zinc chelate and phosphorus fertilizer on the growth and yield of maize hybrids. Field experiments were conducted at the Qlyasan 

Agriculture Research Station in Sulaymaniyah, Iraq. The treatments included three maize hybrids (G1, G2, and G3), three levels of 

nano-zinc fertilizer 10 and 20 mg L-1, and three levels of phosphorus 100 and 200 kg h-1. The randomized complete block design 

evaluated growth, chemical, and yield parameters. In both experiments, the G3 surpassed both genotypes in kernel yield, 14.410 and 

13.522 tons ha-1, respectively.  Concerning nano-Zn chelate, control and 20 mg L-1 gave maximum kernel yield with 19.323 tons ha-1 

for both experiments. An increase in oil in both experiments was associated with G2 (3.885% and 4.002%, respectively). Protein gave 

a maximum value of 6.977% for G3 in the P fertilizer. The 10 mg L-1 zinc gave the highest oil (5.748%). Control recorded a maximum 

protein content of 10.328 % in the 1st experiment.  In contrast, 100 kg ha-1 phosphorus recorded a maximum value of 10.353 in the 2nd 

experiment. Both experiments’ G2 and the highest fertilization level gave a maximum oil (3.940% and 4.255%), respectively. The 

highest protein was associated with the interaction between G3× 20 mg L-1 nano-zinc chelate, while the interaction between G1×100 kg 

ha-1 phosphorus gave the highest protein content. The study demonstrated that maize hybrid G3 generally outperformed the others in 

kernel yield and protein content, while G2 showed higher oil content across both experiments. nano-zinc chelate and phosphorus 

application influenced various physiological traits, though the control treatments unexpectedly yielded the highest kernel production, 

suggesting possible over-fertilization effects or genotype-specific nutrient responses.     

https://creativecommons.org/licenses/by-nc/4.0/ 
Keywords: Zea mays L., Nano-zinc chelate, Phosphorus fertilization, physiological parameter, growth, Yield performance, and Oil and protein 
content.

1 Introduction  

Maize (Zea mays L.) is a cereal crop with essential food and 

industrial applications. Available data reveal that the vitamin A 

content of corn grains is 20 times higher than that of wheat [1]. 

According to the United States Department of Agriculture, Iraq's 

corn production for the 2024-2025 marketing year is estimated at 

500,000 metric tons, representing a 7.0% increase over the 5-year 

average from 2019 to 2023 [2]. This increase is attributed to 

favorable weather conditions and government support, with 

subsidies for irrigation, inputs, and mechanization as well as 

guaranteed procurement prices. Yellow maize cultivation has 

been distributed over northern, central, and southern Iraq, and its 

area reached 76000 hectares in 2016, and the average production 

was 3.42 megagrams h-1 [3]. Nonetheless, Iraq's maize production 

is below that of developed countries. Maize contains 9.5% protein 

and 73-75% carbohydrate; its oil production is approximately 172 

ha-1. In addition to its consumption, its kernel is used in various 

types of food and drinks, and can be treated as feed [4]. A critical 

factor contributing to the high production and productivity of 

corn is the utilization of superior varieties. Hybrid varieties have 

more advanced yield potential than local varieties [5]. 

Nanotechnology is one of the most revolutionary scientific 

discoveries of the 21st century and is used in all spheres of life. 

Phosphorus (P) is an essential micronutrient involved in most 

metabolic processes and is a constituent of various biomolecules, 

including energy transfer bodies, signal transmission molecules, 

biosynthesis of diverse macromolecules, photosynthesis, and 

respiration. An increase in P rate leads to increased salt tolerance 

in various crops [6].  

Nano-fertilizer production is essential for reducing fertilizer 

nutrient losses through increased nutrient management and 

micronutrient use efficiency [7]. Modern fertilizers must be 
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considered substitutes for traditional fertilizers, providing the 

nutrients necessary for plant growth, increasing productivity, and 

maintaining clean and good soil [8]. Micronutrients, the nutrients 

required in smaller quantities by plants, play a significant role in 

improving crop yields and quality. nano-zinc chelate (Zn) is an 

essential micronutrient in plant nutrition and an integral 

component of many enzyme proteins. It is one of the most vital 

components for the unadulterated development of crops, such as 

wheat. nano-zinc chelate is an essential cofactor for over 300 

enzymes that are involved in several physiological processes [9]. 

Therefore, methods and techniques should be applied to enhance 

productivity. Thus, this study aimed to investigate the impact of 

different phosphor and nano-Zn chelate fertilization levels on the 

physiological characteristics of maize hybrids' growth, yield, and 

its components. 

2 Materials and methods 

2.1 Experiment site 

In 2022- 2023, two experiments were conducted at the Qlyasan 

Agriculture Research Station (2 km northwest of the city at 

35°34'17’ ‘N, 45°22'00 ‘’ E, and an elevation of 757 m above sea 

level), Department of Biotechnology and Crop Sciences, College 

of Agricultural Engineering Sciences, University of Sulaimani, 

Sulaymaniyah City, Iraq. The physical and chemical properties 

of the soil at the experimental site were assessed (Table 1). 

Table 1: Soil analysis of the Qlyasan region, Sulaymaniyah City, Iraq. 

Property Variable Value 

Physical 

Sand 87 gk g-1 

Silt 435 gk g-1 

Clay 458 gk g-1 

Texture Silty clay 

Ph 7.59 

Electrical 

conductivity 
490 μS cm -1 

Chemical 
Organic matter 22.4 gk g-1 

CaCo3 304.3 gk g-1 

2.2 Experiment parameter 

Number of leaves per plant (NLP), leaf area index (LAI; cm2), 

plant height (PH; cm), two stages chlorophyll content before and 

after silking estimation by CCM-200 plus, dry matter (DM) 

accumulation (assessed for all plant parts, including roots, stems, 

leaves, and ears), number of kernel ear-1 (NKE), weight of kernel 

ear-1 (WKE), number of kernels row-1 (NKR), number of rows 

ear-1 (NRE), 300 kernels weight (300-KW; g), biological yield 

(BY; tons ha⁻¹), kernel yield (KY; tons ha⁻¹), harvest index (HI), 
with oil and protein percentages [10]. 

2.3 Statistical analysis 

Statistical Package for Social Science (SPSS, Chicago, USA, 

Version 27) was used to analyze the data. Two-way analysis of 

Variance (ANOVA) was used to evaluate the effects of different 

concentrations of nano-Zn/P fertilizer treatments on the growth 

and yield of maize hybrids. The least significant difference (LSD) 

test (p≤0.05) was performed to compare the mean values [11].  

2.4 Plant material 

For both experiments, three maize hybrids (MGW16×NADH52 

(G1), NADH704×NADH52 (G2), and ZY52×NADH102 (G3)) 

obtained from Baghdad University, Baghdad, Iraq, were used. 

2.5 Field experiment 

In both experiments, a factorial experiment (3×3) with three 

replications using a randomized complete block design (RCBD), 

focused on applying different fertilizer levels compared to 

controls (no treatments).  

2.6 Fertilization treatment 

In the 1st experiment, different levels of nano-Zn chelate were 

used, including 0.0 (control), 10-, and 20-mg L⁻¹ as a foliar spray 

at two plant stages (before and after silking). The 2nd experiment 

involved the application of different levels of P fertilizer: 0.0 

(control), 100, and 200 kg ha⁻¹ [12].  

2.7 Agricultural conditions  

In July 2023, seeds from the three hybrids were sown directly in 

2 m² plots with a row spacing of 25 cm. The soil was primed for 

cultivation by plowing with a harrow and broad plow during the 

fieldwork. Weeds were manually controlled whenever necessary. 

Meteorological data for successive years were obtained from the 

Department of Natural Resources, Meteorological Station, 

College of Agricultural Engineering Sciences, University of 

Sulaimani, Sulaymaniyah, Iraq (Table 2).  

Table 2: Meteorological data for the growing season in 2022-2023 at 
Qlyasan region, Sulaimaniyah, Iraq. 

Month Average Temperature (°C) Rainfall (mm) 

Oct-2022 23.59 15.8 

Nov-2022 13.9 80.8 

Dec-2022 10.02 46 

Jan-2023 7.04 94 

Feb-2023 7.36 85.8 

Mar-2023 13.65 240.2 

Apr-2023 16.96 113.4 

May-2023 23.2 39 

Total  715 

3 Results and discussion 
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This study highlights the significant influence of P and nano-Zn 

chelate fertilizers on the physiological responses, growth, and 

reproductivity of maize hybrids under Sulaimani environmental 

conditions.  

3.1 Vegetative growth character 

As shown in Table 3 and Supplementary Table 1, in the 1st 

experiment, the vegetative and chemical characteristics of maize 

genotypes revealed significant differences (p≤0.05) among 

genotypes in root DM content after-silking, shoot DM content 

after-silking, chlorophyll content before-silking, oil%, and 

protein%. In the 2nd experiment, significant differences (p≤0.05) 

among genotypes were observed, specifically in shoot DM after-

silking, oil, protein, and chlorophyll contents within the studied 

characters.  

In the 1st experiment, the maximum value (153.474 g) of shoot 

DM content after-silking was obtained by G1, while G3 showed 

a minimum value of 115.6 g. Conversely, in the 2nd experiment, 

G3 demonstrated the highest value (165.261 g), and G2 had the 

lowest (108.129 g). In the 1st experiment, G3 was superior in root 

DM content after-silking, with the highest value of 32.486 g. In 

comparison, G1 had the lowest value (19.150 g). G2 had the 

highest value (32.511 µg g-1), exceeding G1 in terms of 

chlorophyll content at before-silking, with the lowest value 

(22.711 µg g-1).  

Conversely, the 2nd experiment showed no significant differences 

among the genotypes in most characteristics. After-silking in the 

2nd experiment, the chlorophyll content of G2 gave a higher value 

(11.383 µg g-1), and G3 had a minimum value of 8.528 µg g-1. 

Conversely, the 1st experiment showed no significant differences 

among the genotypes. The results demonstrated a higher root DM 

and chlorophyll contents after-silking among genotypes, which 

may be due to the higher performance of these two genotypes, the 

higher means of daily temperature, and DM accumulation during 

the growing seasons [13]. In the 1st experiment, the oil for G2 

recorded a maximum value (3.885%), and G3 recorded a 

minimum value (3.383%). In the 2nd experiment for the oil, G2 

yielded the highest value (4.002%), and the lowest value was 

demonstrated by G1 (3.520%). In the 1st experiment, G3 recorded 

a maximum value of 6.740% protein, and G2 recorded a 

minimum value (6.413%). In the 2nd experiment, G3 yielded the 

highest value of 6.977% and the minimum value recorded by G2 

(6.377%). In both experiments, there were no significant 

differences among genotypes in DM accumulation before the 

silking stage of shoots and roots. The differences in protein and 

oil content indicate genetic variation in maize, possibly due to 

genotypic behavior under environmental conditions (Table 2) [14].  

Table 3: The mean vegetative and chemical characters of maize genotypes. 

Genotype 

DM in 

shoot/befo

re silking 

(g) 

DM in 

root 

/before-

silking 

(g) 

DM in 

shoot/after-

silking 

(g) 

DM in the 

root after 

silking 

(g) 

Chlorophyl

l content 

before 

silking 

(µg g-1) 

Chlorophyl

l content 

after 

silking 

(µg g-1) 

Oil 

(%) 

Protein 

(%) 

Nano-Zn chelate 

G1 
8.072±2.43

0 

1.723±0.6

29 

153.474±10.0

08 

19.150±9.70

6 

22.711±2.0

50 

9.006±1.30

2 

3.615±0.0

72 

6.415±0.6

11 

G2 
6.710±2.21

9 

1.330±0.5

08 

127.851±30.0

41 

26.061±8.32

3 

32.511±5.5

71 

10.511±1.7

42 

3.885±0.0

82 

6.413±0.2

89 

G3 
7.287±1.52

1 

1.597±0.5

63 

115.600±24.2

80 

32.486±7.58

3 

22.767±3.6

46 

8.822±1.87

3 

3.383±0.5

49 

6.740±0.5

07 

LSD 

(p≤0.05) 
NS NS 26.888 7.720 4.452 NS 0.279 NS 

Phosphorus fertilizer 

G1 
5.475±2.65

0 

1.313±0.6

39 

134.711±29.2

90 

37.619±25.8

87 

24.833±3.3

07 

9.017±1.27

4 

3.520±0.0

21 

6.812±0.6

43 

G2 
6.442±1.30

8 

1.320±0.5

02 

108.129±19.1

41 

31.117±12.1

21 

25.017±6.4

67 

11.383±2.0

49 

4.002±0.2

07 

6.377±0.2

15 

G3 
6.902±0.98

8 

1.095±0.1

23 

165.261±30.2

59 

45.600±18.9

55 

21.656±3.9

24 

8.528±1.75

1 

3.688±0.0

55 

6.977±0.2

15 

LSD 

(p≤0.05) 
NS NS 31.838 NS NS 1.982 0.132 0.391 

DM: Dry matter, NS: Nonsignificant, LSD: Least significant difference. 

As shown in (Table 4 and Supplementary Table 1), data in the 1st 

experiment, the vegetative and chemical characteristics of the 

maize genotype affected by nano-zinc chelate fertilizer showed 

significant differences (p≤0.05) among various Zn levels in 

several characteristics (root DM content at before -silking, root 

DM accumulation at after-silking, oil, and protein%). The 2nd 

experiment also showed significant differences (p≤0.05) among 

the studied characters' P levels in character protein content. In the 
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1st experiment, the maximum value (3.080 g) of root DM content 

at before-silking was demonstrated with treatment with 20 mg L-

1 nano-zinc chelate fertilizer, whereas the control showed a 

minimum value of 1.910 g. The maximum value of 49.148 g of 

root DM accumulation after-silking was recorded by the 

treatment of 20 mg L-1 nano-zinc chelate fertilizer. In 

comparison, the 10 mg L-1 nano-zinc chelate fertilizer treatment 

gave a minimum value of 29.822 g. Concerning the treatment 

with 10 mg L-1 nano-zinc chelate fertilizer, a maximum value of 

5.748% for the oil and a minimum of 4.993% for the control were 

observed. The increase in root dry weight might be due to the 

elongation of the roots under the effect of nano-zinc chelate 

fertilizer, which induced the uptake ability of the roots to 

nutrients and a positive increase in the yield parameters because 

of the improvement of the root system as a source-sink 

relationship to the reproductive part (shoot) [14]. 

The 2nd experiment showed non-significant differences among 

fertilizer applications in both characteristics of DM in shoot and 

root at before- and after-silking, chlorophyll content before- and 

after-silking, and oil%. In the 1st experiment, protein had a 

maximum value of 10.328% in the control, with a minimum value 

of 9.060% in the 10 mg L-1 nano-zinc chelate fertilizer treatment. 

Conversely, in the 2nd experiment, the 100 kg ha-1 P fertilizer 

treatment demonstrated the highest value of 10.353%, and the 

200 kg ha-1 P treatment had the lowest value of 9.568% for 

protein. In both experiments, there were no significant 

differences in fertilization on DM accumulation at before-silking 

of the shoot, root DM accumulation at after-silking, and 

chlorophyll content at before and after silking. These findings 

indicate that fertilizers can significantly enhance protein content 

in maize by improving nutrient availability, promoting plant 

growth, and boosting photosynthetic efficiency [15]. 

Table 4: The mean vegetative and chemical characteristics affected by nano-zinc chelate and Phosphorus fertilizers. 

Fertilization  

DM in 

shoot/befo

re silking 

(g) 

DM in 

root 

/before-

silking 

(g) 

DM in 

shoot/after-

silking 

(g) 

DM in the 

root after 

silking 

(g) 

Chlorophy

ll content 

before 

silking 

(µg g-1) 

 

Chlorophy

ll content 

after 

silking 

(µg g-1) 

Oil 

(%) 

Protein 

(%) 

 Nano-Zn chelate 

Control 
10.063±1.8

0 

1.910±0.4

6 

191.868±27.

41 
37.575±3.78 

39.775±5.7

8 
 

15.233±1.9

3 

4.993±0.5

1 

10.328±0.2

6 

10 mg L-1 9.920±2.34 
1.985±0.3

3 

210.015±30.

84 
29.822±9.69 

41.208±7.2

6 
 

14.008±0.8

3 

5.748±0.1

2 
9.060±0.09 

20 mg L-1 
13.120±1.4

9 

3.080±0.5

6 

193.504±25.

08 

49.148±10.8

8 

36.000±5.1

7 
 

13.267±2.1

8 

5.585±0.1

6 
9.965±0.54 

LSD 

(p≤0.05) 
NS 0.516 NS 7.720 NS  NS 0.279 0.379 

 Phosphorus fertilizer 

Control 
10.063±1.8

0 

1.910±0.4

6 

208.034±41.

82 

59.575±23.6

5 

39.775±5.7

8 
 

15.233±1.9

3 

5.493±0.1

1 

10.328±0.2

6 

100 kg ha-1 9.450±1.30 
1.900±0.4

5 

196.992±26.

88 

52.290±23.4

5 

34.783±2.5

0 
 

14.317±2.9

8 

5.620±0.1

9 

10.353±0.5

3 

200 kg ha-1 8.715±2.35 
1.783±0.5

4 

207.126±38.

34 

59.639±12.9

5 

32.700±4.8

2 
 

13.842±1.0

1 

5.703±0.3

5 
9.568±0.42 

LSD 

(p≤0.05) 
NS NS NS NS NS  NS NS 0.391 

DM: Dry matter, NS: Nonsignificant, LSD: Least significant difference.

Regarding (Table 5 and Supplementary Table 1), the 1st 

experiment presents the response of vegetative and chemical 

characteristics to the interaction between genotype and nano-zinc 

chelate treatments, revealing significant differences (p≤0.05) 

among several characteristics (shoot DM content after-silking, 

oil, and protein %). The 2nd experiment also shows substantial 

differences in the vegetative and chemical characteristics of the 

interaction between genotype and P fertilizer (p≤0.05) in root and 

shoot DM content after silking, chlorophyll content before 

silking, oil, and protein. 

In the 1st experiment, the maximum value (161.33 g) of shoot DM 

content after silking was demonstrated by the interaction of 

G1×10 mg L-1 nano-zinc chelate fertilizer, whereas the 

G2×control showed a minimum value (92.4 g). Regarding the 2nd 

experiment, the interaction of G3×200 kg ha-1, P fertilizer 

demonstrated the highest value of 183.466 g, and G2×control had 

the lowest value (92.3 g). Concerning the characteristics in the 2nd 

experiment, root DM content after-silking was recorded with the 

interaction of G1×control (70.27 g), and the interaction between 

G1×100 kg ha-1 and P fertilizer had a minimum value of 15.275 

g. Conversely, the 1st experiment showed non-significant 

differences in the interaction between genotype and nano-zinc 

chelate. The interaction between G2×control recorded the highest 

value of 33.35 g, exceeding G3×200 kg ha-1 P fertilizer in terms 

of chlorophyll content at before-silking, with the lowest value 
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(17.05 g). Conversely, the 1st experiment showed non-significant 

differences between genotypes and fertilizers. The higher amount 

of shoot DM and chlorophyll content might be related to the 

response of maize genotypes to fertilizers, which can vary based 

on genetic traits, environmental conditions, and their impact on 

nutrient availability and growth, which positively influences 

maize photosynthesis more actively [16]. 

Table 5: The mean vegetative and chemical characters affected by the interaction of genotypes and fertilization (mg L-1 Zn, kg ha-1 P) in both 

experiments. 

Genotypes 

× 

Fertilizatio

ns 

DM in 

shoot/befo

re silking 

(g) 

DM in 

root 

/before-

silking 

(g) 

DM in 

shoot/after-

silking 

(g) 

DM in root 

after silking 

(g) 

Chlorophyl

l content 

before 

silking 

(µg g-1) 

Chlorophyl

l content 

after 

silking 

(µg g-1) 

Oil 

(%) 

Protein 

(%) 

Nano-Zn chelate 

G1 × 

Control 

7.990±1.89

0 

1.615±0.4

15 

144.348±6.62

1 

26.270±4.03

0 

21.050±1.9

75 

8.883±1.46

8 

3.530±0.0

30 

7.225±0.0

25 

G1 × 10 
6.365±3.27

5 

1.105±0.1

65 

161.330±11.6

72 
8.915±0.604 

22.233±1.2

22 

9.433±0.61

1 

3.690±0.0

10 

5.945±0.0

45 

G1 × 20 
9.860±0.37

0 

2.450±0.0

10 

154.743±0.83

0 

22.265±10.6

05 

24.850±0.2

50 

8.700±1.95

2 

3.625±0.0

15 

6.075±0.0

45 

G2 × 

Control 

5.955±1.76

5 

1.065±0.5

95 
92.400±9.680 

23.030±1.19

0 

33.350±2.5

99 

11.450±2.6

93 

3.785±0.0

25 

6.660±0.0

20 

G2 × 10 
6.580±3.23

0 

1.505±0.4

35 

158.740±4.16

8 

19.460±0.24

0 

35.633±7.1

12 

9.183±0.80

4 

3.930±0.0

60 

6.035±0.0

35 

G2 × 20 
7.595±2.02

5 

1.420±0.5

70 

132.514±11.7

98 

35.692±7.57

3 

28.550±5.2

54 

10.900±0.2

00 

3.940±0.0

10 

6.545±0.0

25 

G3 × 

Control 

6.180±1.58

0 

1.140±0.2

00 

147.088±3.03

1 

25.850±5.48

0 

25.150±2.3

50 

10.133±0.7

64 

2.670±0.0

20 

6.770±0.0

20 

G3 × 10 
6.895±0.75

5 

1.360±0.3

20 
99.961±6.115 

31.268±0.42

7 

24.550±2.2

50 

9.400±1.30

0 

3.875±0.0

75 

6.140±0.0

20 

G3× 20 
8.785±0.86

5 

2.290±0.0

80 
99.750±8.973 

40.340±6.24

6 

18.600±1.8

03 

6.933±1.82

3 

3.605±0.0

15 

7.310±0.0

10 

LSD 

(p≤0.05) 
NS NS 46.571 NS NS NS 0.482 0.656 

Phosphorus fertilizer 

G1 × 

Control 

7.990± 

1.890 

1.615±0.4

15 

144.348±6.62

1 

70.270±9.94

0 

21.050±1.9

75 

8.883±1.46

8 

3.530±0.0

30 

7.223±0.0

25 

G1 × 100 
5.385± 

1.165 

1.645±0.6

95 

161.310±4.85

2 

15.275±3.06

5 

25.950±1.3

50 

9.217±1.54

5 

3.520±0.0

20 

7.255±0.0

15 

G1 × 200 
3.050±2.20

0 

0.680±0.2

70 

98.476±13.93

2 

27.313±8.06

1 

27.500±2.0

00 

8.950±1.36

1 

3.510±0.0

10 

5.955±0.0

15 

G2 × 

Control 

5.955±1.76

5 

1.065±0.5

95 
92.300±9.680 

23.030±1.19

0 

33.350±2.5

99 

11.450±2.6

93 

3.785±0.0

25 

6.660±0.0

20 

G2 × 100 
6.295±1.63

5 

1.135±0.0

55 
99.777±0.699 

24.055±5.90

5 

20.850±1.2

50 

12.950±0.9

50 

3.965±0.0

15 

6.200±0.0

20 

G2 × 200 
7.075±0.25

5 

1.760±0.4

60 

132.311±3.69

9 

46.265±5.85

5 

20.850±1.6

50 

9.750±0.97

6 

4.255±0.0

45 

6.270±0.0

20 

G3 × 

Control 

6.180±1.58

0 

1.140±0.2

00 

179.421±33.0

76 

25.850±5.48

0 

25.150±2.3

50 

10.133±0.7

64 

3.670±0.0

20 

6.770±0.0

20 

G3 × 100 
7.220±0.47

0 

1.020±0.0

01 

132.897±4.47

2 

65.250±4.50

0 

22.767±1.3

01 

6.467±0.70

2 

3.755±0.0

05 

7.250±0.0

20 

G3 × 200 
7.305±0.10

5 

1.125±0.0

85 

183.466±13.3

96 

45.700±14.9

20 

17.050±1.5

50 

8.983±0.79

7 

3.640±0.0

30 

6.910±0.0

40 

LSD 

(p≤0.05) 
NS NS 55.145 41.483 8.947 NS 0.229 0.677 

DM: Dry matter, NS: Nonsignificant, LSD: Least significant difference.
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In the 1st experiment, the interaction of G2×20 mg L-1 nano-zinc 

chelate fertilizer was superior in oil (3.940%), whereas the 

interaction of G3×control had the lowest value (2.67%). In the 2nd 

experiment, G2×200 kg ha-1 P fertilizer demonstrated the highest 

value of 4.255%, and G1×200 kg ha-1 interaction had the lowest 

value (3.51%). Regarding the 1st experiment, protein gave the 

maximum value of 7.310% due to the interaction of G3×20 mg 

L-1 nano-zinc chelate fertilizer, while the minimum value of 

5.945% was obtained by G1×10 mg L-1 nano-zinc chelate 

fertilizer. Conversely, in the 2nd experiment, the G1×100 kg ha-1 

of P fertilizer demonstrated the highest value of 7.255%, and the 

G1×200 kg ha-1 P interaction had the lowest (5.955%). In both 

experiments, there were no significant differences in interaction 

genotype and fertilization on the DM accumulation before and 

after-silking of the root and chlorophyll content after-silking. The 

increase in oil and proteins in both experiments can be attributed 

to the genotype's response to the fertilizer. Genotypes with higher 

nutrient uptake efficiency tend to show improved growth and 

development, which results in more excellent protein and oil 

content in the grains [17]. 

Table 6: The mean reproductive characters of maize genotypes. 

Genot

ype 
PH 

(cm) 
NLP 

LAI 

befor

e 

silkin

g 

(cm2) 

LAI 

after 

silkin

g 

(cm2) 

NRE NKR NKE WKE 

(g) 

300 

KW 

(g) 

HI 

BY 

(tons 

ha-1) 

KY 

(tons 

ha-1) 

Nano-Zn chelate 

G1 
171.556

±9.435 

14.444

±0.527 

0.457

±0.28

3 

1.562

±0.30

0 

17.333

±1.803 

30.667

±4.213 

535.083

±71.970 

103.919

±19.976 

65.690

±5.777 

0.355

±0.04

2 

33.081

±4.099 

11.370

±2.372 

G2 
164.889

±5.061 

14.778

±0.833 

0.270

±0.08

0 

1.781

±0.09

2 

17.111

±1.900 

29.583

±2.077 

513.000

±56.448 

107.588

±8.492 

70.965

±4.274 

0.371

±0.04

2 

30.071

±4.653 

11.114

±1.962 

G3 
163.106

±9.787 

14.444

±0.726 

0.357

±0.09

2 

1.799

±0.08

6 

16.444

±0.882 

35.556

±2.651 

591.250

±37.641 

140.881

±16.127 

76.305

±3.343 

0.435

±0.01

7 

33.492

±2.509 

14.410

±1.405 

LSD 

(p≤0.0

5) 

NS NS NS 0.195 NS 2.746 47.062 13.974 4.930 0.035 2.732 1.717 

Phosphorus fertilizer 

G1 
165.778

±13.917 

14.444

±0.527 

0.267

±0.14

1 

1.537

±0.28

6 

16.778

±1.856 

30.444

±5.918 

533.417

±122.93

0 

116.830

±30.876 

68.975

±4.051 

0.359

±0.04

3 

34.111

±5.033 

11.683

±3.088 

G2 
158.556

±12.660 

14.000

±0.000 

0.246

±0.07

8 

1.633

±0.05

5 

17.444

±2.128 

31.000

±4.213 

544.417

±73.084 

117.411

±15.748 

69.655

±5.044 

0.360

±0.05

3 

30.550

±3.494 

11.186

±1.543 

G3 
161.333

±15.492 

14.778

±0.667 

0.324

±0.09

1 

1.800

±0.13

1 

16.667

±0.866 

31.667

±3.082 

536.917

±68.598 

131.886

±13.377 

76.725

±2.574 

0.430

±0.02

4 

31.525

±2.428 

13.522

±0.676 

LSD 

(p≤0.0

5) 

NS 0.544 NS 0.205 NS NS NS NS 4.595 0.038 NS 1.849 

DM: Dry matter, NS: Non-significant, LSD: Least significant difference, PH: Plant height, NLP: Number of leaves per plant, LAI: Leaf area index, 

NKE: Number of kernel ear, WKE: Weight of kernel ear, NKR: Number of kernels row, NRE: Number of rows ear, KW: Kernels weight, BY: 
Biological yield, KY: Kernel yield, HI: harvest index. 

3.2 Reproduction character 

In the 1st experiment, the reproductive characteristics of maize 

genotypes revealed significant differences (p≤0.05) among 

genotypes in LAI after silking, NKR, NKE, WKE, 300-KW, HI, 

BY, and KY. In the 2nd experiment, significant differences 

(p≤0.05) among genotypes in NLP, LAI after-silking, 300-KW, 

HI, and KY were observed in (Table 6 and Supplementary Table 

2). In addition, NLP recorded a maximum value of 14.778 leaves 

for G3, whereas G2 showed a minimum value of 14.000 leaves. 

Conversely, in the 1st experiment, non-significant differences 

among genotypes were observed for this characteristic. The LAI 

after-silking for G3 recorded a maximum value of 1.799 cm2, and 

G1 recorded a minimum value of 1.562 cm2. Simultaneously, in 

the 2nd experiment, G3 gave the highest value of 1.800 cm2, and 

the minimum value recorded with G1 was 1.537 cm2. In the 1st 

experiment, NKR and NKE were demonstrated by G3 with 
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values of 35.556 and 591.250 kernels, respectively, and G2 had a 

minimum value of 29.583 and 513 kernels, respectively. 

Conversely, the 2nd experiment showed no significant differences 

among the genotypes for these characteristics. In 1st experiment, 

G3 was superior in WKE, with the highest value of 140.881 g, 

while G1 had the lowest (103.919 g). Conversely, the 2nd 

experiment showed no significant differences in genotype. These 

results suggest that the highest variations in LAI and yield 

components were primarily due to genetic differences that might 

be influenced by the different maturity stages of these genotypes 
[18].  

In the 1st experiment, the 300-KW and HI for G3 recorded a 

maximum value of 76.305 g and 0.435, respectively, and G1 

recorded a minimum value of 65.690 g and 0.355, respectively. 

Concerning the 2nd experiment, G3 gave the highest values of 

76.725 g and 0.430 for 300-KW and HI, respectively, and the 

minimum value with G1 (68.975 g and 0.359, respectively). In 

the 1st experiment, G3 recorded the highest value of 33.492 tons 

ha-1, exceeding G2 in BY, with the lowest value of 30.071 tons 

ha-1. Conversely, the 2nd experiment showed no significant 

differences among the genotypes in these characteristics. In the 

1st experiment, the maximum value of 14.410 tons ha-1 of KY was 

recorded by G3, while G2 showed a minimum value of 11.114 

tons ha-1. Conversely, in the 2nd experiment, G3 demonstrated the 

highest value of 13.522 tons ha-1, whereas G2 had the lowest 

(11.186 tons ha-1). In both experiments, no significant differences 

were observed among genotypes in PH, NRE, LAI before-silking, 

and NRE (Table 6 and Supplementary Table 2). The results 

showed the highest LAI after-silking and KWE, which may be 

due to differences among the genotypes that can enhance crop 

yield and quality, positively affecting corn growth, the number of 

grains per cob, and 1000-grain weight [19]. 

Furthermore, Table 7 and Supplementary Table 2 showed that the 

1st experiment presents the reproductive characteristics of the 

maize genotype affected by nano-zinc chelate fertilizer, revealing 

significant differences (p≤0.05) among various nano-zinc chelate 

levels in PH, NKE, WKE, BY, and KY. The 2nd experiment also 

showed essential differences (p≤0.05) among the P levels in PH, 

LAI at before-silking, and KY. 

Table 7: The mean reproductive characteristics are affected by Zinc and Phosphorus fertilizers. 

Fertiliz

er 
PH 

(cm) 
NLP 

LAI 

befor

e 

silkin

g 

(cm2) 

LAI 

after 

silkin

g 

(cm2) 

NRE NKR NKE 

 

WKE 

(g) 

300 

KW (g) 
HI 

BY 

(tons 

ha-1) 

KY 

(tons 

ha-1) 

Nano-Zn chelate 

Control 
259.177

±11.26 

22.000

±0.71 

0.545

±0.12 

2.380

±0.33 

25.167

±1.39 

49.000

±4.42 

836.875±

59.56 

189.118

±9.47 

110.37

0±2.63 

0.585

±0.04 

50.556

±2.18 

19.662

±1.53 

10 mg 

L-1 

247.158

±5.06 

21.667

±0.53 

0.413

±0.09 

2.689

±0.06 

24.167

±1.17 

46.167

±3.73 

747.750±

68.00 

155.398

±21.28 

102.88

5±7.70 

0.582

±0.06 

42.288

±3.52 

16.357

±2.59 

20 mg 

L-1 

243.000

±5.68 

21.833

±0.88 

0.669

±0.27 

2.643

±0.06 

27.000

±1.66 

48.542

±4.01 

874.375±

32.30 

184.066

±28.12 

106.18

5±6.78 

0.574

±0.05 

52.121

±2.75 

19.323

±2.58 

LSD 

(p≤0.05

) 

8.347 NS NS NS NS NS 47.062 13.974 NS NS 2.732 1.717 

Phosphorus fertilizer 

Control 
259.167

±11.26 

22.000

±0.71 

0.545

±0.12 

2.380

±0.33 

25.167

±1.39 

49.000

±4.42 

836.875±

59.56 

196.618

±15.33 

110.37

0±2.63 

0.585

±0.04 

50.556

±2.18 

19.665

±1.53 

100 kg 

ha-1 

219.833

±6.21 

21.333

±0.44 

0.329

±0.04 

2.447

±0.05 

25.500

±2.40 

42.833

±3.57 

755.125±

107.78 

164.769

±28.24 

105.50

3±7.35 

0.536

±0.07 

45.250

±3.10 

15.644

±2.63 

200 kg 

ha-1 

249.500

±6.20 

21.500

±0.50 

0.382

±0.10 

2.626

±0.12 

25.667

±1.17 

47.833

±4.48 

830.125±

89.48 

187.804

±15.52 

107.16

0±4.78 

0.601

±0.04 

48.473

±5.43 

19.280

±1.26 

LSD 

(p≤0.05

) 

9.270 NS 0.104 NS NS NS NS NS NS NS NS 1.849 

DM: Dry matter, NS: Non-significant, LSD: Least significant difference, PH: Plant height, NLP: Number of leaves per plant, LAI: Leaf area index, 

NKE: Number of kernel ear, WKE: Weight of kernel ear, NKR: Number of kernels row, NRE: Number of rows ear, KW: Kernels weight, BY: 
Biological yield, KY: Kernel yield, HI: harvest index.

In the 1st experiment, the control gave a higher PH (259.177 cm) 

while the 20 mg L-1 treatment gave a minimum PH (243.000 cm). 

The treatment of 20 mg L-1 resulted in a higher value of 874.375 

kernels for NKE, while the 10 mg L-1 treatment showed a 

minimum value of 747.750 kernels. The control was superior in 

WKE, with the highest value of 189.118 g. In comparison, the 

treatment with 10 mg L-1 nano-zinc chelate fertilizer had the 

lowest value of 155.398 g. The treatment with 20 mg L-1 nano-
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zinc chelate fertilizer recorded the highest value of 52.121 tons 

ha-1, exceeding 10 mg L-1 BY, with the lowest value of 42.288 

tons ha-1.  

Conversely, the 2nd experiment showed non-significant 

differences among the genotypes in these characteristics (Table 7 

and Supplementary Table 2). These results indicate that higher 

NKE and BY values are related to varying nano-zinc chelate 

levels. nano-zinc chelate also directly influences KW by 

enhancing enzyme activity, and a better nutrient supply increases 

the storage capacity of kernels, resulting in heavier grains. 

Additionally, nano-zinc chelate contributes to overall plant 

growth and leads to an increase in total plant biomass by 

improving root development, nutrient uptake, and photosynthetic 

efficiency [20]. 

The maximum PH in the 2nd experiment was associated with the 

control, with a value of 259.167 cm, and the 100 kg ha-1 of P 

fertilizer treatment recorded a minimum value of 219.833 cm. 

The maximum LAI before silking in the 2nd experiment was 

associated with the control, with a value of 0.545 cm2, and the 

100 kg ha-1 of P fertilizer treatment recorded a minimum value of 

0.329 cm2. The 1st experiment showed no significant differences 

among the various fertilizers. In the 1st experiment, the maximum 

value of 19.662 tons ha-1 of KY was associated with the control, 

whereas the 10mg L-1 nano-zinc chelate fertilizer showed a 

minimum value of 16.635 tons ha-1. Conversely, in the 2nd 

experiment, the control demonstrated the highest value of 19.665 

tons ha-1, and 100 kg ha-1 had the lowest value of 15.664 tons ha-

1 KY. In both experiments, there were no significant differences 

among the fertilizers in NLP, LAI after-silking, NRE, NKR, and 

HI. The response of maize to P fertilizer generally increases PH 

and NLP, as P promotes overall growth processes, such as root 

development, energy transfer, and photosynthesis (Table 7 and 

Supplementary Table 2). This relationship is mutually 

reinforcing, where taller plants with well-developed roots 

produce more leaves, improving their capacity to capture sunlight 

and support further growth. Therefore, P plays a crucial role in 

optimizing these key growth characteristics, ultimately 

enhancing maize productivity [21]. 

Moreover, in the 1st experiment, the response of reproductive 

characteristics to the interaction between genotype and nano-zinc 

chelate fertilizer revealed significant differences (p≤0.05) in PH, 

NLP, LAI after–silking, and WKE. The 2nd experiment also 

showed essential differences (p≤0.05) in PH, LAI after-silking, 

NKE, and BY (Table 8 and Supplementary Table 2). In the 1st 

experiment, the superiority was to the G1×control interaction, 

which recorded the highest value of 185.000 cm, compared to the 

lowest value of 155 cm with G3×20 mg L-1 nano-zinc chelate 

fertilizer. Concerning the 2nd experiment, the G1×control 

interaction gave a maximum value of 184 cm and a minimum of 

141.333 cm with the G3×100 kg ha-1 P fertilizer for PH. In the 1st 

experiment, G2×20 mg L⁻¹ nano-zinc chelate fertilizer interaction 

exhibited the highest value of 15.667 leaves for the NLP; the 

interaction between G2×control recorded the lowest value of 

13.996 leaves. The 2nd experiment revealed no significant 

differences in the genotype and P level interaction. In the 1st 

experiment, the maximum LAI value (1.908 cm2) after-silking 

was associated with G3×control, while G1×control showed a 

minimum value of 1.191 cm2. Conversely, in the 2nd experiment, 

G3×control demonstrated the highest value of 1.907 cm2, and the 

interaction between G1×control had the lowest value of 1.190 

cm2. In the 2nd experiment, the interaction between G1×200 kg 

ha-1 P fertilizer demonstrated superiority in the NKE, with the 

highest value of 640 kernels. The interaction G1×100 kg ha-1 had 

the lowest value of 378.5 kernels. In contrast, the 1st experiment 

showed a non-significant difference in the interaction between 

genotype and nano-zinc chelate fertilizer. These results show that 

PH, BY, and HI increased by improving nutrient availability, 

especially P fertilizers that enhanced KW and increased grain 

yield, particularly when the genotype was well adapted to utilize 

these nutrients [22]. 

The WKE in the 1st experiment was associated with the 

interaction between G3×20 mg L-1 nano-zinc chelate fertilizer, 

with a higher value of 159.304 g, and the interaction between 

G1×10 mg L-1 nano-zinc chelate fertilizer had a minimum value 

of 80.531 g. Conversely, the 2nd experiment showed non-

significant differences in the interaction between genotype and 

various fertilizers for this character. Regarding the 2nd 

experiment, the interaction between G1×200 kg ha-1 P fertilizer 

with a value of 39.046 tons ha-1 surpassed the interaction between 

G2×200 kg ha-1 P fertilizer with a minimum value of 27.775 tons 

ha-1. Concerning the 1st experiment, no significant difference in 

the interaction between genotype and nano-zinc chelate fertilizer 

was observed. In both experiments, there were no significant 

differences in the interaction between genotypes and the various 

fertilizers in LAI at before-silking, NRE, NKR, 300-KW, HI, and 

KY. The results indicate a higher WKE. An appropriate 

combination of genotype and fertilizers improves key yield 

components such as NKE, KW, BY, and overall grain yield. The 

synergistic effect between genotype and fertilizer underscores the 

importance of choosing the appropriate combination to optimize 

maize production [3, 23,24]. 

Table 8: The mean reproductive characters affected by the interaction of genotypes and fertilization (ml L-1 Zn, kg ha-1 P) in both experiments. 

G× 

Fertilizer 

PH 

(cm) 
NLP  

LAI 

befor

e 

silkin

g 

(cm2) 

LAI 

after 

silkin

g 

(cm2) 

NRE NKR NKE 

 

WKE 

(g) 

300 

KW 

(g) 

HI 

BY 

(tons 

ha-1) 

KY 

(tons 

ha-1) 
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 Nano-Zn chelate 

G1 × 

Control 

185.0

00±2.

000 

14.667

±0.577 
 

0.425

±0.10

4 

1.191

±0.18

9 

17.000

±2.000 

33.333

±6.506 

581.750

±53.250 

124.370

±5.037 

72.750

±3.720 

0.392

±0.05

2 

34.950

±0.925 

13.737

±2.173 

G1 × 10 

165.6

67±1.

528 

14.667

±0.577 
 

0.209

±0.02

5 

1.762

±0.02

8 

16.000

±1.000 

29.333

±3.512 

465.000

±78.000 

80.531±

9.704 

61.710

±0.630 

0.332

±0.03

1 

28.438

±2.938 

9.520±

1.859 

G1 × 20 

165.0

00±1.

000 

14.000

±0.006 
 

0.736

±0.31

0 

1.736

±0.09

7 

19.000

±1.000 

29.333

±0.577 

558.500

±18.500 

106.856

±3.974 

62.610

±2.550 

0.342

±0.01

9 

35.854

±2.936 

10.852

±0.620 

G2 × 

Control 

158.6

67±1.

528 

13.996

±0.001 
 

0.290

±0.13

0 

1.664

±0.01

3 

16.333

±1.528 

29.667

±3.512 

489.500

±12.500 

116.775

±1.660 

73.020

±1.620 

0.356

±0.04

3 

33.200

±3.575 

11.678

±0.166 

G2 × 10 

170.0

00±0.

000 

14.667

±0.577 
 

0.260

±0.04

7 

1.865

±0.01

9 

16.000

±2.000 

29.000

±2.000 

464.750

±21.250 

104.017

±5.936 

66.510

±3.030 

0.381

±0.03

1 

24.575

±0.800 

9.335±

0.449 

G2 × 20 

166.0

00±1.

000 

15.667

±0.577 
 

0.260

±0.05

2 

1.812

±0.02

3 

19.000

±0.000 

30.083

±0.144 

584.750

±9.750 

101.972

±7.576 

73.365

±4.065 

0.376

±0.06

0 

32.438

±2.188 

12.331

±2.781 

G3 × 

Control 

175.6

67±0.

577 

15.333

±0.577 
 

0.374

±0.19

9 

1.908

±0.05

7 

17.000

±1.000 

35.000

±1.000 

602.500

±18.500 

137.090

±3.848 

74.970

±2.610 

0.422

±0.01

2 

32.963

±1.338 

13.909

±0.167 

G3 × 10 

158.6

50±1.

350 

14.000

±0.003 
 

0.356

±0.10

0 

1.750

±0.00

3 

16.333

±0.577 

34.000

±4.000 

565.750

±42.250 

126.249

±10.684 

77.550

±5.430 

0.452

±0.01

4 

31.563

±1.897 

13.858

±1.876 

G3× 20 

155.0

00±4.

000 

14.000

±0.040 
 

0.342

±0.03

9 

1.739

±0.00

1 

16.000

±1.000 

37.667

±0.577 

605.500

±45.500 

159.304

±7.720 

76.395

±1.845 

0.429

±0.01

2 

35.950

±2.175 

15.464

±1.358 

LSD 

(p≤0.05) 

14.45

7 
1.442  NS 0.339 NS NS NS 24.204 NS NS NS NS 

 Phosphorus fertilizer 

G1 × 

Control 

184.0

00±2.

000 

14.667

±0.577 
 

0.425

±0.10

4 

1.190

±0.18

9 

17.000

±2.000 

33.333

±6.506 

581.750

±53.250 

137.370

±21.730 

72.750

±3.720 

0.392

±0.05

2 

34.950

±0.925 

13.737

±2.173 

G1 × 100 

154.3

33±2.

517 

14.667

±0.577 
 

0.219

±0.07

1 

1.631

±0.00

7 

15.000

±1.000 

24.000

±0.000 

378.500

±28.500 

79.528±

8.193 

68.205

±0.555 

0.320

±0.03

0 

28.338

±2.938 

7.953±

0.819 

G1 × 200 

159.0

00±1.

000 

14.000

±0.022 
 

0.156

±0.06

9 

1.790

±0.00

6 

18.333

±0.577 

34.000

±2.000 

640.000

±16.000 

133.593

±11.513 

65.970

±3.960 

0.364

±0.00

1 

39.046

±2.062 

13.359

±1.151 

G2 × 

Control 

158.6

67±1.

528 

14.000

±0.007 
 

0.290

±0.13

0 

1.664

±0.01

3 

16.333

±1.528 

29.667

±3.512 

489.500

±12.500 

116.775

±1.660 

73.020

±1.620 

0.356

±0.04

3 

33.200

±3.575 

11.678

±0.166 

G2 × 100 

144.0

00±2.

000 

14.000

±0.031 
 

0.206

±0.04

0 

1.633

±0.09

3 

19.000

±3.000 

29.667

±0.577 

576.750

±95.750 

114.300

±26.135 

63.420

±3.390 

0.319

±0.05

3 

30.675

±3.700 

9.763±

1.448 

G2 × 200 

173.0

00±2.

000 

14.000

±0.021 
 

0.243

±0.02

9 

1.601

±0.01

1 

17.000

±1.000 

33.667

±6.506 

567.000

±72.000 

121.158

±16.433 

72.525

±0.015 

0.404

±0.03

4 

27.775

±0.500 

12.116

±1.643 

G3 × 

Control 

175.6

67±0.

577 

15.333

±0.577 
 

0.374

±0.11

9 

1.907

±0.05

7 

17.000

±1.000 

35.000

±1.000 

602.500

±18.500 

139.090

±1.675 

74.970

±2.610 

0.422

±0.01

2 

32.963

±1.338 

13.909

±0.167 

G3 × 100 

141.3

33±1.

528 

14.000

±0.020 
 

0.233

±0.00

4 

1.631

±0.00

7 

17.000

±1.000 

32.000

±0.001 

555.000

±32.000 

135.710

±5.300 

79.380

±1.800 

0.433

±0.02

3 

31.488

±2.863 

13.571

±0.530 
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DM: Dry matter, NS: Non-significant, LSD: Least significant difference, PH: Plant height, NLP: Number of leaves per plant, LAI: Leaf area index, 

NKE: Number of kernel ear, WKE: Weight of kernel ear, NKR: Number of kernels row, NRE: Number of rows ear, KW: Kernels weight, BY: 

Biological yield, KY: Kernel yield, HI: harvest index. 

Conclusions 

The results from both experiments demonstrated that maize 

vegetative and chemical traits were significantly influenced by 

genotypic variation, fertilizer treatments, and their interactions. 

Notably, root and shoot dry matter accumulation, chlorophyll 

content, oil percentage, and protein content varied significantly 

among genotypes and in response to nano-zinc chelate (Zn) and 

phosphorus (P) fertilizers. Genotypes such as G1 and G3 

consistently exhibited superior performance in dry matter 

accumulation and protein content, respectively, across 

conditions. Application of 20 mg L⁻¹ nano-zinc chelate and 200 

kg ha⁻¹ P fertilizer was particularly effective in enhancing 

biomass production and grain quality components like oil and 

protein levels. Significant genotype × fertilizer interactions were 

observed, indicating that specific genotype-fertilizer 

combinations (e.g., G3×Zn, G2×P) can optimize vegetative 

growth. These findings emphasize the critical role of both genetic 

selection and nutrient management in improving maize 

productivity under varying environmental conditions.   
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