International Journal of Agricultural Technology 2026 Vol. 22(1):195-218
DOI: https://doi.org/10.63369/ijat.2026.22.1.195-218

Available online http://www.ijat-aatsea.com

ISSN 2630-0192 (Online)

Impact of iron and zinc fertilization on Maize (Zea mays L.)
yield and quality traits under integrated nutrient management
practices

Kumar. R. S. A., Augustine, R.*, Dhivyalakshmi, T. and Abisankar, R. S.

Division of Agronomy, School of Agricultural Sciences, KITS, Karunya University,
Coimbatore, Tamil Nadu, India.

Kumar, R. S. A., Augustine, R., Dhivyalakshmi, T. and Abisankar, R. S. (2026). Impact of
iron and zinc fertilization on Maize (Zea mays L.) yield and quality traits under integrated
nutrient management practices. International Journal of Agricultural Technology 22(1):195-
218.

Abstract The results showed the most significant improvement: dry matter yield increased
by 38.5%, grain yield by 30.47%, Fe content by 73.31%, and Zn content by 91.74% over the
control (F1). Foliar application of Fe and Zn substantially enhanced maize growth, yield, and
grain quality, including crude protein levels. This study demonstrated that applying 75% RDF
with FYM, combined with foliar sprays of Fe and Zn at 45 and 60 days after sowing (DAS),
significantly boosts maize productivity and grain micronutrient content. Such strategies offer
a sustainable approach to improve human and livestock nutrition through enhanced grain
quality.
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Introduction

Deficits are prevalent in developed nations, especially among
working men, pregnant and lactating women, and children. Over 2 billion
people, or one in three, worldwide suffer from micronutrient deficiencies,
also known as "hidden hunger" (Prom-u-thai et al., 2020). Zinc (Zn) and iron
(Fe) are the two micronutrients most frequently linked to malnutrition
worldwide. According to an estimate, 151 million children under the age of
five are "stunted," of which 51 million fall into the reversible group, meaning
that their weight is out of proportion to their height (Ramdas et al., 2020).

In India, the percentage of anaemia is 56.2% and 79.1% in married
women aged 15-49 and children aged 3-6, respectively (Krishnaswamy,
2009). This is because most of the soil is degraded because of alkalinity and
salt problems, and large amounts of cereal grains, viz., Wheat, rice, and
maize, are commonly consumed as staple foods despite their naturally low
contents of zinc and iron (Beal et al., 2017; Cakmak and Kutman, 2018).
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Dietary diversity and insufficient consumption are thought to be the
main causes of human micronutrient deficits. Due to their metabolic
functions, micronutrient deficiencies impair growth and development. They
also have an adverse effect on the immune system's ability to fight off
hazardous pathogens, increasing the body's susceptibility to illnesses and
ultimately decreasing productivity (Read et al., 2019).

Micronutrients are essential for maintaining and affecting the
immune response at every stage. Malnutrition in micronutrients can impair
innate and adaptive immunity, resulting in immunological suppression and
heightened vulnerability to infections (Gorji and Ghadiri, 2021). Infections
and inadequate nutrition work together synergistically. An illness raises the
body's need for micronutrients and exacerbates its state of nutritional
insufficiency (Sayah et al., 2021).

Deficits in micronutrients affect food quality, metabolic processes
such as flowering and seed production, and crop productivity. In order to meet
the micronutrient requirements of human diets and enhance crop nutritional
quality, micronutrient fertilization, often referred to as agronomic
biofortification, may be required. Biofortification requires increased
micronutrient intake, improved plant translocation, and increased edible
portion accumulation for effective results. Plant-based micronutrient supply
faces challenges in synthesizing essential minerals for human survival and
uneven distribution of nutrients across different plant portions. (Zhu et al.,
2007). For women and children, biofortified crops can offer the biggest
nutritional complement when added to regular diets. In food crops including
wheat, rice, and maize, agronomic biofortification, a fertilizer-based
technique, significantly increases grain concentrations of specific
micronutrients like iron, zinc, selenium and iodine (Mao et al., 2014 and
Cakmak et al., 2017).

Maize, one of the world's oldest cereals, and is a crucial staple food
crop grown in various agro-ecological zones and farming systems. In affluent
nations, maize is mostly grown for animal feed, biofuel, and other
commercial uses; nevertheless, in many other nations, it is consumed by
humans (Ranum et al., 2014). Twenty per cent of calories and fifteen per cent
of its protein globally come from maize, a staple grain for more than 200
million people (Nuss and Tanumihardjo, 2010). People with a wide range of
socioeconomic backgrounds and culinary preferences usually eat maize.
According to the FAO, more than 150 million tons of corn are consumed
directly for food each year worldwide. Increasing maize yield in a sustainable
farming setting can provide food security for a growing population. In 2022-
23, maize production reached over 1,218 million hectares globally, spanning
over 207 million hectares. India produced 34.6 million tonnes of maize in
2023-24, with the potential to double the production to meet supply-demand
gaps cost-effectively and sustainably. Increasing yield to feed seven billion
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people and enhancing plant edible portions with minerals for optimal health
are the current priorities (Graham et al., 2007).

The concentrations of micronutrients in food and feed made from
plants considerably improve the health and welfare of both humans and
animals (Grujcic et al., 2018). As a result, for maximum crop output and
nutritional value, maize plants need appropriate micronutrient concentrations.
When added to soil, micronutrients frequently become fixed and are difficult
to translocate to the edible plant sections. It is advised to provide
micronutrients via foliar sprays in soluble form rather than using conventional
techniques. When fertilizer form, application technique, and application time
are properly taken into account, agronomic biofortification can be a simple
and affordable strategy.

The 60% lower Fe concentration in maize, which is less than the
necessary nutritional impact because of Fe bioavailability inhibitors in
processed maize, limits efforts to biofortify maize with iron (Chakraborti et
al., 2011; Keigler et al., 2023). Corn typically has a Fe level of 16 mg kg™!,
while high-zinc corn has been shown to have a little increase in Fe content,
up to 22 mg kg!. Pleiotropic influences can impact the absorption and
mobilization of zinc and iron in kernels; these effects vary based on the
properties of the soil (Magbool and Beshir, 2019). The biofortification of zinc
may potentially affect the Fe content in maize. Thus, the effects of foliar
application of chelated Fe and ZnO fertilizers (e.g., FeSO4 and ZnO) and their
bioavailability in kernel maize must be evaluated to quantify the fertilizer
potential under field conditions. Given this context, the study aimed to
evaluate the effectiveness of agronomic biofortification, to compare the
response of biofortified and non-biofortified maize hybrids and to determine
the optimal combination of fertilizer treatments.

Materials and methods
Study location

A field experiment was conducted during 2022 and 2023 of the kharif
and rabi seasons at the South Farm, KITS, Karunya University, Coimbatore,
located at 10.9362° N latitude, 76.7441° E longitude at 400m above mean sea
level. The experimental site is medium black soil, with a clayey texture,
belongs to the vertisol order and the sub-group of typic chromusterts of the
peelamedu series. The experimental site collected composite soil samples
from 0 to 15cm depth before sowing and analyzed for physical and chemical
properties. The experimental site is of clayey in texture (10.40 % sand, 30.0%
silt, 59.37 % clay) with pH 7.3, E.C 0.34 dsm™!, low organic carbon (4.8 g kg’
1 and available nitrogen (216.6 kg ha™), high in available phosphorus (29.5
kg ha!) and available potassium (334.3 kg ha'!), medium in available zinc
(0.81ppm) and available iron (4.22 ppm) respectively. The experimental site
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is located in Tamil Nadu's western ghat, which is part of the semi-arid tropics
of India's Agro-climatic zone X. The experiment had mean temperatures of
28-39°C during the day and 22-19°C at night. The relative humidity ranged
from 55 to 65 per cent, and the total rainfall received was 298.8 mm and 680
mm in 2022 and 2023, respectively, over 19 and 25 rainy days (Figure 1).
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Figure 1. Weather prevailed during the field experiment

The experiment was conducted using a split-plot design, replicated
three times, with two main treatments and six sub-plot treatments, viz., non-
biofortified hybrid (M) and biofortified hybrid (M) are the two main plot
categories and sub plots as 100 per cent Recommended Dose of Fertilizers
(RDF) alone (F1), 100 per cent RDF + Farmyard Manure (FYM) (F2), 75 per
cent RDF + FYM (F;), F1+ Foliar application of chelated iron @ 0.2 per cent
conc., + zinc oxide (ZnO) @ 0.5 per cent conc. (F4), F2» + Foliar application
of chelated iron @ 0.2 per cent conc., + Zinc @ 0.5 per cent conc. (Fs), F3 +
Foliar application of chelated iron + zinc @ 0.5 per cent conc. (Fs). The M
(commercial hybrid S6668) from the Syngenta group (seed division) and M>,
Quality protein maize (QPM) biofortified hybrid (HQPMS) from the
International Maize and Wheat Improvement Center (CIMMYT),
Hyderabad, for maize were used in this experiment. The Fi, F», and F;
treatments are supplied with RDF of 250:75:75 kg ha'! (N: P,Os: K»0) and
FYM of 12.5 t ha'! for maize. Similarly, treatments Fa, Fs, and F6 received
FeSOs in chelated form @ 0.2 per cent concentration (conc.) and ZnO (36%
Zinc Conc.) @ 0.5 per cent conc., respectively.
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Crop management and data collection

The biofortified maize hybrid (HQPMS) was used in both seasons of
experimentation. This QPM maize hybrid was planted with a 60 x 20 cm
spacing and is high in protein, lysine, and tryptophan. The recommended dose
of fertilizer (RDF) for maize (N: P,Os: K>O) was applied @ 250:75:75 kg ha
I respectively. For F; to F3 treatment, the entire phosphorus and potassium
were applied as basal, and N was applied in two equal splits at basal and 30
and 45 DAS. Irrespective of treatments, viz., irrigation, weed management,
and plant protection measures were followed in accordance with the standard
package of practices.

Observations were recorded on various morphological growth stages,
viz., plant height (cm), leaf area index, and the samples were collected for
estimation of dry matter (dried in a hot air oven at 80°C + 5 °C) from the gross
plot area. Five plants were analyzed for leaf area using a leaf area meter
(Model LI-COR 3100), and the leaf area index was calculated by dividing the
total leaf area by the total ground area. The yield attributes viz., cob length,
cob weight, hundred test weight, and shelling % were recorded treatment-
wise, and were recorded from the tagged plants in each treatment. The grain
and stover yield was noted separately. The Fe, Zn, crude protein, and starch
content in grains were analysed from the treatments.

Economic returns

The economics of treatments were done by calculating variable costs
(VC) on seeds, chemicals, and micro-nutrient fertilizers, and labour
separately. The gross return (GR) was worked out by multiplying the
economic output (maize grain) by the current market price. The net income
(NR) was calculated as per Equation (1) and expressed in US$/day (the
average exchange rate in 2022 and 2023 was 84.50 and 85.12, respectively.
The benefit-cost ratio was calculated by dividing net income by the variable
cost. (Equation 2).
Net income (US$) = Gross returns (US$) — Variable cost (US$) .........

(D

BCR =Netreturn/ Variable cost ...
(2

Statistical analysis

The data were examined using the analysis of variance (ANOVA) for
split plot design, as per the guidelines of Gomez and Gomez (1984). The F-
test was used to assess the significance of the treatment effect, and least
significant differences (LSD) were used to examine treatment means at a 5%
probability level. The pearson correlation and principal component analysis
(PCA) were performed by using R Studio.
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Results
Growth and yield attributes of maize

The experiment showed significant differences (p=0.05) among
treatments, with the highest plant height at harvest was recorded in M; (non-
biofortified hybrid) + Fe (F3+ foliar sprays of chelated Fe @ 0.2% conc., +
ZnO @ 0.5 % conc.) and was statistically at par with F5(194.27 cm) (Table
1). The F; treatment (Control) reported shorter plant height at harvest stages
(164.24 cm), followed by F2 (100% RDF with FYM), and was at par with F3
(75% RDF + FYM).

The two-year experimental study revealed that the application of
chelated Fe and ZnO significantly increased the leaf area index, regardless of
the combination. The study found that, 75 per cent RDF with FYM + foliar
sprays of chelated Fe @ 0.2% and ZnO @ 0.5 % conc., (Fe) reported a higher
leaf area index (5.25) compared to F> + foliar sprays of chelated Fe @ 0.2%
and ZnO @ 0.5 % conc., (Fs) and F; + foliar sprays of chelated Fe @ 0.2%
and ZnO @ 0.5 % conc., (F4). In both years, the lowest LAI was reported in
Control (F1). The study revealed a positive correlation between leaf area
index (LAI) and dry matter, suggesting LAI as a crucial indicator of
photosynthesis and translocation in maize crops. Higher radiation levels are
linked to higher LAI, which has been shown to enhance dry matter
production. The dry matter production on pooled basis is substantially
increased by the 75 per cent RDF with FYM + (Fe) foliar sprays of chelated
Fe @ 0.2% and ZnO @ 0.5% conc., (1.88 t ha'") at harvest, and it remained
competitive with 75 per cent RDF with FYM (Fs) (1.73 t ha!). The lowest
dry matter production was noted under 100% RDF (F1). There was a 21.56 %
per cent increase in dry matter production due to 75 per cent RDF with FYM
+ foliar sprays of chelated Fe @ 0.2% and ZnO @ 0.5% conc., (Fs) as
compared to 100% RDF with FYM (F3). Soil application of 75 per cent RDF
with FYM (F3) increased DMP by 19.6% and 6.42% compared to 100% RDF
(F1) and 100% RDF with FYM (F.), respectively. Overall, at harvest, the
foliar spray treatments Fs, Fs, and F4 recorded 38.51%, 27.2%, and 19.18%
DMP, respectively, over the control.

The response of yield contributing characters like cob length, cob
weight, test weight, and shelling% % at harvest was significantly improved
by both conventional and chelated Fe and ZnO foliar applications (Table 1).
Combined application of 75 per cent RDF with FYM + foliar sprays of
chelated Fe @ 0.2% and ZnO @ 0.5 % had a maximum cob length (21.23
cm), cob weight (102.18 g), test weight (259.31g) and shelling (77.09%), it
was closely followed by other foliar applications (Fs & Fi). The least cob
length, cob weight, test weight, shelling was recorded in 100% RDF (Fi)
(14.07 cm, 74.60 g, 201.15 g and 71.66%), and have shown a decreased levels
by 12.44%, 18.86% in cob length, 2.94%, 6.68% in cob weight, 6.32%,
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10.23% in test weight, 0.61%, 1.54% in shelling%, respectively with 100%
RDF with FYM (F2) and 75% RDF with FYM (F3) indicating among soil
applications and 24.03%, 25.83%, 33.73 in cob length, 12.37%, 15.37%,
26.99% in cob weight, 18.11%, 20.41%, 22.43% in test weight, 4.71%,
6.00%, 7.04% in shelling%, respectively with F4, Fs and Fs, indicating by
foliar applications. Although a maximum number of cob length, cob weight,
test weight, and shelling% was found under Fg, the average was statistically
significant with soil application treatments (F3, F2 & F1).

Yield and quality attributes of maize

Significant variation across the year in a pooled mean of maize yield
was noted in the experiment (Table 2 and Figure 2). The average maize yield
in the field experiment was 7.96 t ha!, 7.46 t ha'!, and 8.46 t ha! under
cultivars, soil application, and foliar treatments, respectively. The maximum
yield was found with the application of (Fs) 75 per cent RDF with FYM +
foliar sprays of chelated Fe @ 0.2% and ZnO @ 0.5 % conc., (8.82 t ha')
reported significantly superior over F3, F», and F;, however, it was
statistically equivalent to (Fs5)100 per cent RDF with FYM + foliar sprays of
chelated Fe @ 0.2% and ZnO @ 0.5 % conc., at 8.53 t ha'!. The maize yield
responded linearly with a decrease in RDF levels and increased yield in both
soil (F3 & F») and chelated Fe & ZnO foliar (Fs & Fs) treatments. The
difference in the maize yield due to chelated Fe & ZnO foliar and soil
application was 10.53%, while that of with control was 30.47%. Application
of 75 per cent RDF with FYM + foliar sprays of chelated Fe @ 0.2% and
ZnO @ 0.5 % (F¢) has shown a per cent age increase by 30.35% compared to
the control (100% RDF).

The response of quality contributing characters viz., protein, starch,
iron, and zinc of maize grain significantly increased by both foliar and soil
applications (Table 2). Combined application of 75 per cent RDF with FYM
+ foliar sprays of chelated Fe @ 0.2% and ZnO @ 0.5 % had a maximum
protein (16.13 %) and starch (66.97 mg g'!), iron content (38.77 mg kg!) and
zinc content (32.50 mg kg'!), and it was at par with Fs treatment. The least
content of protein, starch, iron and zinc, was recorded in control (F1) (11.45%,
57.15 mg g!,22.37 and 16.95 mg kg™'), respectively and it was at par with
100% RDF with FYM (F2), indicating fertilizer and soil application affect the
quality attributes. Although the maximum content of quality attributes (iron,
zinc, protein, and starch) was found under integrated nutrients + chelated Fe
& ZnO (F¢), the average was statistically significant with conventional soil
and foliar treatments (F1, F2, F3, F4, and Fs). Significant variation in iron, zinc
content, protein, and starch content was noted in our field experiment (Figure
3), both in soil and foliar sources.
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Figure 3. Using PCA technique for biofortified hybrid (M>)

Data interpretation using pearson correlation and PCA

The correlation analysis recorded significant (p < 0.05) or highly
significant correlations (p < 0.01) between maize growth parameters, dry
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matter yield, yield attributes, and quality attributes (Table 3). The study
revealed a significant correlation between the amount of zinc and iron in
plants and their height (0.614**and 0.617*%), leaf area index (0.758**and
0.724**), dry matter production (0.534**and 0.508**), Cob length
(0.730**and 0.707**), Cob weight (0.724** and 0.734*%*), test weight
(0.606**and 0.570**) and shelling (0.625** and 0.605**). Also, significant
correlations between zinc and iron content were found (0.548** and 0.541%*%*)
with protein and (0.667** and 0.624**) with starch in the grain (Table 3).
The study found a significant (p<0.01) positive correlation between maize
grain yield and growth and yield parameters such as plant height (0.627*%*),
leaf area index (0.846**), and dry matter production (0.869**), cob length
(0.848**), cob weight (0.726**), test weight (0.862**) and shelling
(0.626**). In regard to the correlation with yield in maize with other quality
parameters, a non-significant correlation with GY-PN and GY-SH content in
grain was found (-0.035™S and 0.220N%), whereas a significant positive
correlation (0.596** and 0.628**, p < 0.01) with GY-Fe and GY-Zn content
was observed (Table 3).

In Principal component analysis (PCA), the grain yield (GY) has a
very strong positive influence on DMP, Fe, Zn, TW, and SH. But Cob weight,
Plant height, and Protein do contribute to the grain weight, but they don’t
directly contribute compared to other parameters. This analysis can be
compared with pearson to understand more about their contributions. Cos2
represents the quality of the representation (clusters) in the dataset. The
higher the cos2 (red), the more captured by the dimensions (Figure 2 and
Figure 3). For both M; and M», the common factors influencing the grain
Yield (GY) (t/ha) are strongly influenced by DMP, Fe, Zn, and TW. Both
starch, protein, cob weight, and plant height have distinct differences in their
influencers for both M; and M.

There exists a considerable positive correlation between the yield and
the iron and zinc concentrations (r = 0.48* and r = 0.56*; r = 0.78* and r =
0.75*) in M1 and M cultivars, respectively, illustrating that yield has a direct
function with foliar Fe & Zn application (Figure 4 & 5).

Economic returns

The monetary analysis of maize cultivation showed that treatments
receiving chelated Fe & ZnO showed higher gross returns, net returns, and
BC ratio over time. The highest BC ratio (3.14 & 2.77) with net profit (959.9
& 809.6 US$ ha!) was obtained in the year 2022 & 2023 respectively by the
application of 75% NPK+FYM and foliar applied chelated Fe 0.2% & ZnO
0.5% (Fs), it was followed by F3 (75 per cent RDF with FYM) and F> (100
per cent RDF + FYM) applications. The control (RDF) treatment resulted in
the lowest gross returns, net returns, and BC ratio (1379.5 & 1203.3; 896.4 &
716.6 and 2.86 & 2.47) in both years, respectively (Table 4).
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Figure 4. Relationship between iron and zinc concentration to maize grain
yield by non-biofortified hybrid (M)
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Figure 5. Relationship between iron and zinc concentration to maize grain
yield by biofortified hybrid (M)
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Table 1. Effect of iron and zinc fertilization on growth and yield attributes of maize cultivars (Pooled data of two years)

Treatments PH (cm) LAI DMP (t ha) Cob length (cm) Cob weight Test weight Shelling (%)
® ®
Hybrid
M;: Non-biofortified 188.19*+4.30 4.55* + 1.74* £ 0.02 18.58*+ 0.64 86.482+2.52 250.46*+4.34 74.91°+0.69
0.11
M;: Biofortified 182.62°+3.79 4.07°+ 1.45°+0.06 16.82°+0.53 82.47°£22 21542+ 6.77 73.45°+0.77
0.18
SE(d) 1.53 0.05 0.09 0.18 0.87 3.28 0.21
CD at 5% NS 0.22 0.45 0.83 4.01 15.19 0.96
Soil application
Fy: Control (100% RDF only) 164.244+2.64 3.52¢+ 1.36°+0.04 14.07¢+0.11 74.6¢ £ 0.61 201.15¢+ 71.66° + 0.48
0.04 4.33
F»: 100 per cent RDF with FYM 175.5¢+2.74 3.79¢+ 1.469+0.02 16.07¢£0.15 76.86°+0.55 214.72°+£2.46 72.10°+0.38
0.06
F3: 75 per cent RDF with FYM 181.98°+ 3.00 4.08¢ + 1.57¢£0.05 17.34°+ 0.31 79.94°£0.98 224.08°+6.93 72.78°+0.54
0.13
Foliar application
F4: Fi+ Chelated Fe @ 0.2% + ZnO @ (  185.00%° + 3.45 4.51°+ 1.62b° + 0.05 18.52°+£0.22 85.13b+ 1.11 245.65 + 75.28 £ 0.72
0.11 7.01
Fs: Fy+ Chelated Fe @ 0.2% + ZnO 194.27° + 1.05 4.69° £ 1.73>£0.05 18.97°+0.20 88.15*+0.85 252.72*+£5.12  76.24*+
@ 0.5 % 0.07 0.44
Fe: F3+ Chelated Fe @ 0.2% + ZnO 211.43*+1.49 525+ 1.882+0.01 21.23*+0.63 102.18* + 259.31°+£4.25 77.09°+0.55
@ 0.5 % 0.06 1.59
SE(d) 5.03 0.09 0.03 0.45 1.86 5.36 1.29
CD at 5% 10.56 0.20 0.08 0.94 3.89 11.26 2.71
MatS SE(d) 6.67 0.13 0.05 0.60 2.55 7.66 1.68
CD at 5% NS 0.32 0.11 1.40 6.09 19.64 NS
SatM SE(d) 7.1 0.14 0.05 0.63 2.63 7.58 1.83
CD at 5% 14.83 0.33 0.11 1.47 6.28 19.45 NS

DMP — Dry matter production; Fe — iron; FYM- Farm yard manure; LAI — Leaf area index; PH — Plant height; RDF — Recommended dose of fertilizer;

Zn0O- Zinc oxide

S: significant at P< 0.05; NS: Non-significant at P> 0.05; Means of the identical case letter do not show significant differences at p < 0.05
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Table 2. Effect of iron and zinc fertilization on yield and quality parameters of maize cultivars (pooled data of two years)

Treatments Grain yield (t ha') Stover yield (t ha')  Protein (%)  Starch (mgg') Iron (mgkg') Zinc (mgkg?")
Hybrid
M;: Non-biofortified 8.34*+£0.15 11.07°+0.18 11.22°+0.42 58.73 £0.90 29.63%+1.86 2425+ 1.52
M:: Biofortified 7.58°+0.18 10.64° +0.13 15.472 £ 0.45 65.01 £0.93 31.732+£1.62 26.512+1.67
SE(d) 0.03 0.02 0.19 1.69 0.36 0.38
CD at 5% 0.15 0.10 0.86 NS 1.67 1.76
Soil application
Fi: Control (100% RDF only) 6.764+0.15 10.19¢+0.15 11.45°+0.76 57.15¢+£1.02 22.37¢+0.21 16.95¢ £+ 0.46
F2: 100 per cent RDF with FYM 7.62°+0.60 10.39¢+0.11 12.37°+0.47 59.58°+1.23 23.75¢+£0.28 18.504+ 0.50
F3: 75 per cent RDF with FYM 7.98*+0.97 10.51°+£0.37 12.75% +0.45 61.41°+0.82 24.87¢+0.51 22.00¢+0.22
Foliar application
F4: Fi+ Chelated Fe @ 0.2% + ZnO @ 0.5 % 8.02°+0.14 10.92° +0.20 13.18+0.78 62.43*+1.13 36.20° + 0.43 30.5820 +0.21
Fs: Fat+ Chelated Fe @ 0.2% + ZnO @ 0.5 % 8.532 +0.13 11.05*+£0.10 14.18° £ 0.54 63.67°+0.78 38.132+0.45 31.75*+£0.77
F¢: F3t+ Chelated Fe @ 0.2% + ZnO @ 0.5 % 8.82*+0.10 11.91*+0.15 16.13*+0.60 66.97* £ 0.84 38.77* £ 0.46 32.508 +0.32
SE(d) 0.13 0.22 0.51 1.26 0.55 0.62
CD at 5% 0.29 0.46 1.07 2.64 1.16 1.31
M atS SE(d) 0.18 0.28 0.68 2.34 0.79 0.89
CD at 5% 0.40 NS NS NS 2.09 2.28
SatM SE(d) 0.19 0.31 0.72 1.78 0.78 0.88
CD at 5% 0.43 NS NS NS 2.04 2.26

FYM- Farmyard manure; Fe- iron; RDF — Recommended dose of fertilizer; ZnO- Zinc oxide;

S: significant at P< 0.05; NS: Non-significant at P> 0.05; Means of the identical case letter do not differ significantly at p < 0.05
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Table 3. Study of Pearson correlation coefficient and significance level between growth, dry matter, yield, yield attributes and
quality parameters on maize (pooled data of two years)

PH LAI DMP CL Cw ™ SH GY SY PN SH Fe Zn
PH 1
LAI  0.705%*

DMP  0.609** 0.901**
CL 0.702*%*  0.903** 0.776**
CW  0.777** 0.871** 0.754**%  0.879**
TW  0.567** 0.885%* 0.907**  (0.825%* (.743%**
SH 0.552%*  0.733**  0.644**  0.672*%* 0.691** (0.632%**
GY 0.627**  0.846%* 0.869**  0.848** 0.726** 0.862** 0.626**
SY 0.702*%*  0.737**  0.680**  0.814** 0.768** 0.645** 0.545** (.693**
PN 0.253N  0.187  -0.124N  0.170"S  0.335* - 0.245N8 - 0.151N8
0.1558 0.035%8
SH 0.367*  0.348*  0.077%  0.344*  0.427** 0.068Y 0.378*  0.220N  0.303NS  (.848**
Fe 0.617*%* 0.724** 0.507** 0.707** 0.734** 0.570** 0.605** 0.596** 0.650**  0.541** 0.624**
Zn 0.614**  0.758**% 0.534**  0.730*%* 0.724** 0.606** 0.625** 0.628** 0.612**  0.548** 0.667** 0.951** 1

CL: Cob length; CW: Cob weight; DMP: Dry matter production; Fe: Iron content; GY: Grain yield; LAI: Leaf area index; PH: Plant height; PN: Protein
SH: Shelling; SH: Starch; SY: Stover yield; TW: Test weight; Zn: Zinc content;
**: significant at 0.01 probability level; NS: Non-significant.
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Table 4. Effect of iron and zinc fertilization on the economics of maize cultivars (Pooled data of two years)

Hybrid

Fi

Fa:

Fs

Fa:

%

Fs:

%

Fe:

%

Fi:
Fa:

Fs

Fa:
Fs:

Fe

Treatments

: Control (100% RDF only)

100 per cent RDF with FYM

: 75 per cent RDF with FYM

Fi+ Chelated Fe @ 0.2% + ZnO @ 0.5

F2+ Chelated Fe @ 0.2% + ZnO @ 0.5
F3+ Chelated Fe @ 0.2% + ZnO @ 0.5

Control (100% RDF only)

100 per cent RDF with FYM

: 75 per cent RDF with FYM

Fi+ Chelated Fe @ 0.2% + ZnO @ 0.5 %
F2+ Chelated Fe @ 0.2% + ZnO @ 0.5 %
. F3+ Chelated Fe @ 0.2% + ZnO @ 0.5 %

Gross return (x $ ha') Net return (x $ ha!) BC ratio
2022 2023 2022 2023 2022 2023
1379.5 1203.3 896.4 716.6 2.84 2.47
1388.9 1219.5 900.0 727.0 2.86 2.48
1398.3 1235.7 944.6 778.7 3.04 2.70
1407.7 1251.9 951.5 795.1 3.04 2.70
1417.0 1264.0 959.8 800.7 3.08 2.71
1431.1 1284.3 959.9 809.6 3.14 2.77
1243.4 1053.3 754.6 566.7 2.54 2.16
1260.6 1073.6 807.0 581.2 2.68 2.18
1280.9 1085.8 812.0 628.8 2.74 2.38
1290.3 1101.9 815.4 645.2 2.75 2.38
1295.0 1114.1 819.1 650.8 2.78 2.40
1338.8 1134.4 891.0 659.7 2.99 2.44

Average exchange rate of US $ during 2022 and 2023 was 84.50 and 85.12, respectively
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Discussion
Growth attributes

The study revealed that 75% NPK with FYM and foliar application of
iron and zinc significantly impacts maize growth, yield, attributes, and
quality. Our results corroborated the findings of Potarzycki and Grzebisz
(2009). The growth parameters of maize cultivars have been observed to
increase in terms of plant height, leaf area of index, dry matter accumulation
were significantly higher under 75 per cent RDF with FYM + foliar sprays of
chelated Fe @ 0.2% and ZnO @ 0.5 % at 45 and 60 DAS (Fs) treatment,
which can be attributed to improved vegetative growth owing to improvement
of the solubilization and mobilization.

Foliar spray expedited the absorption of Zn and Fe nutrients through
leaves, enhanced cell division, stem elongation, chlorophyll content, and
photosynthesis. The use of foliar micronutrients can enhance the transition of
dry matter from the store to the sink parts (Singaraval et al., 1996). This study
was confirmed by Blindauer and Schmid (2010) that foliar fertilizer
application accumulates in the phloem, through the leaf’s cuticle and stomata,
entering the leaf surface. This application method was found to be more
efficient and shorter than root uptake, as Fe and Zn moved in chelated forms
in the phloem stream.

The synergistic effect of both soils applied NPK with FYM and foliar
application of iron and zinc, accentuated vegetative growth. Precision NPK
and foliar application promote growth by synthesizing plant growth
hormones like IAA and auxins, which aid in cell elongation and enlargement.
An increase in cell division and chlorophyll content may be the cause of the
observed increase in plant height over the control treatment, as reported by
Anees et al. (2016). Similarly, lower plant height in maize was noticed in 100
per cent RDF (F;) treatment, due to low availability of nutrients and minimum
nutrient uptake, which reduces the dry matter and plant growth characteristics
in maize. Similar findings with results were recorded by Lakhwinder et al.
(2017) and Hasan et al. (2018).

The leaf area index (LAI) and dry matter were shown to positively
correlate in the study, suggesting that the LAI is a good indication of
photosynthesis and translocation in maize crops. Among the main treatments
evaluated, the non-biofortified hybrid recorded significantly higher growth
parameters than the biofortified (QPM) hybrid. Our findings are supported by
Singh et al. (2001), who found that the highest dry matter accumulation and
leaf area index at harvest were higher in the non-QPM hybrid than the QPM
hybrid (HQPM1). The continuous slow release of nutrients by the application
of 75 per cent RDF + FYM with chelated Fe @ 0.2 per cent conc., + ZnO @
0.5 per cent conc., (Fs¢) has enabled leaf area increase, promoting
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photosynthetic rate and higher dry matter accumulation in plants, as
confirmed by Shivanand Patil et al. (2017).

Yield attributes

The application of foliar iron and zinc fertilizers with 75%
NPK+FYM improved yield owing to penetration and solubility. The
synergistic effect of both soil-applied NPK+FYM and foliar-applied chelated
Fe & ZnO accentuated yield attributes, which provided higher yield (Fs).
Singh et al. (1995) found that zinc and iron are necessary for photosynthesis,
assimilation, and the movement of photosynthates from the source, leaves to
the sink, cobs.

Increased cob length and cob weight are due to the simulation effect
of the combined application of 75% RDF + FYM with chelated Fe @ 0.2 per
cent conc., + Zn @ 0.5 per cent conc., (Fs) on cell division and expansion.
The results were in conformity with Vijay et al. (2015). Qian ef al. (2016)
noted that the yield parameters were decreased due to maize density and the
competition among plants for nutrient uptake from the soil. Interaction of
75% RDF, FYM, and chelated Fe + ZnO had a positive response on yield
attributes, consistent with the study by Hasan et al. (2018), which reported
that adequate integrated nutrient supply enhances the grain size, which
increases the cob weight. Increased cob weight is due to higher concentration
of macro and micronutrients, enhanced and steady nutrient release from the
application of 75 per cent RDF + FYM with chelated Fe @ 0.2 per cent conc,
+ ZnO @ 0.5 per cent conc., (Fs) when compared to the application of control.
The reason for the cob's increased weight is that it can hold more nourishment
from the green sections of plants (Hasan ef al., 2018).

Test weight (100-grain weight) suggested a positive correlation
between the quantity of grain produced and its overall yield (Vijay et al.,
2015). Combined fertilizers with 75% RDF with FYM and Fe + Zn foliar
spray, for better growth and grain filling of maize have directly influenced
the 100 seed weight content. Admas ez al.'s (2015) findings were in agreement
with this, who concluded that the combined application of N and compost has
a significant impact on 100 seed weight content.

Maximum shelling per cent age was recorded in the non-QPM hybrid
and was found to be significantly superior to other hybrids. Similar results
corroborated with Hargilas e al. (2017). Masuka et al. (2017) reported that
there was a positive correlation between grain production and the shelling %,
which is impacted by various factors such as location, agro-climatic
conditions, genotypes, cultural methods, and kernel moisture content.
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Yield

Higher yield attributes in the maize crop were stimulated, with foliar
sprays with Zn or Fe generally increasing crop yields more than grain
concentrations. Crop growth is significantly influenced by their role in
photosynthesis, respiration, and other biochemical and physiological
activities, contributing to higher yields (Zeidan et al., 2010). The decline in
yield in the absence of these micronutrients is due to nutrient imbalance as
reported by Kanwal et al. (2010).

Results showed that the non-QPM hybrid was significantly higher in
yield than the QPM hybrid. These results were found to be in line with the
findings of Hargilas et al. (2017) that HQPMI1 significantly lowered the yield
attributes and grain yield. This was due to better partitioning of
photosynthetic activity and source-sink relationship, which has led to higher
growth and yield attributes in non-QPM hybrids. The variation in grain yield
may be influenced by factors such as rainfall, distribution pattern, and
temperature variations during the crop growing season. Our findings are
supported by Rajesh et al. (2018). The translocation of Fe and Zn in
reproductive parts has led to increased total dry matter, which is influenced
by Fe and Zn foliar application coupled with higher grain yield. The minimum
grain yield was due to minimum available nutrients and poor yield attributing
characters. Similar reports were recorded by Zaremanesh et al. (2017).

Quality attributes

The utilization of NPK+FYM and foliar applied chelated Fe & ZnO
favoured quality improvement, resulting in enhanced iron, zinc, including
protein and starch. The study revealed that QPM maize showed higher
accumulation of kernel Fe and Zn compared to normal maize. The opaque2
(O2) mutation in QPM genotypes alters the endosperm protein's amino acid
profile, increasing lysine and tryptophan levels 2-3 times compared to non-
QPM genotypes (Prasanna et al., 2001). QPM genotypes, besides their
superior protein quality, also exhibit higher concentrations of kernel
micronutrients, particularly zinc (Welch et al., 1993 and Chakraborti ef al.,
2009b).

Appropriate application and availability of foliar applications at 45
and 60 DAS have improved the iron, zinc, and protein content. The higher
content may be attributed to the combination of microelements and
appropriate macro element fertilization (NPK). The nitrogen status of a plant
significantly impacts the increase in zinc and iron levels in vegetative tissue.
The results of the investigation showed a strong relationship between wheat
(Montoya et al., 2020) and chickpea (Pal et al., 2019) Zn and Fe grain
concentration and urea application. Increased nitrogen application improves
the nutritional status of plants and encourages the grain to accumulate zinc
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and iron. Our results are confirmed by the findings of Cakmak et al. (2010);
White and Broadley (2011); Murgia et al. (2012) and Sperotto et al. (2012).
Thus, FYM with NPK balances the nutrients of the crop and improves the
yields. Our results are in line with Manzeke et al. (2014) and Manzeke-
Kangara et al. (2021), who reported a maize grain Zn increase of up to 67%
when a combination of Zn fertilizer, mineral fertilizers, and locally available
organic resources was applied.

Applications of foliar zinc considerably raised grain Zn and Fe
contents by 8% and 99%, respectively (Pahlavan-Rad and Pessarakli 2009
and Niyigaba ef al., 2019). Similarly, Phattarakul et al. (2012), Saha et al.
(2017) and Meena and Fathima (2017) reported a significant increase in grain
mineral content from 25 to 100% due to the application of combined soil and
foliar fertilization.

The foliar application of chelated Fe & ZnO along with RDF+FYM
has increased the iron and zinc content noted by Pahlavan-Rad and Pessarakli
(2009) and Ibiang et al. (2018) for wheat and soyabean. Overall, we observed
that application of 0.2% chelated Fe and 0.5% ZnO foliar spray, along with
75% RDF with FYM, respectively, could enhance the quality of maize grain
compared to conventional RDF. Nandita et al. (2022) in Mosambi verified
similar results, showing that foliar spraying Zn @ 0.5% + Fe @ 0.2% + B @
0.3% + Cu @ 0.1% from May to July can improve fruit quality and output.
Interaction of RDF + FYM with Fe and Zn had a positive response on quality
contents, consistent with Niyigaba et al. (2019) reported that combined
application of Zn and Fe fertilizer increases grain Zn, Fe, crude fibre, and
protein content, whereas grain Fe content is increased by Fe fertilizer alone.
Khattak et al. (2015) and Melash et al. (2016) corroborate our findings. Fe
and Zn contents in transgenic rice were enhanced by 3.4 and 1.3 folds,
respectively, by increased expression of Fe transport and storage proteins
(Aung et al., 2013). Several researchers have found that non-QPM hybrids
have significantly lower kernel Fe and Zn concentrations (Chakraborti ef al.,
2009a and Chen et al., 2007). Increased use of nitrogen fertilizer enhanced
the nutritional status of plants, resulting in a greater concentration of zinc and
iron in grain (Cakmak et al., 2010, White and Broadley 2011).

Economics and profitability of maize

On average, 14.55% and 23.98% higher net returns and 9.095 &
13.79% higher BC ratio were obtained by non-biofortified hybrid (Hi) with
75% NPK+FYM and foliar applied chelated Fe @ 0.2% conc., & ZnO @
0.5% conc., (Fs) than the biofortified hybrid (Hz), which confirms the
findings of Hargilas et al. (2017) that a minimum support price added to a
better yield resulted in better economics.

In summary, the study is demonstrated that INM with Fe-Zn foliar
application increased the grain yield of the tested maize hybrids grown on the
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respective soil conditions. The combined treatment during the two growing
seasons had a beneficial effect on growth, grain yield, and nutritional quality
in the season with favourable conditions. It appeared that Fe-Zn foliar
application promoted plant growth and DMP, which led to an increase in
grain yield components, and in some cases, grain Fe and Zn concentration.
Therefore, Fe and Zn delivery to crops through foliar can be used as an
effective technique to improve grain yield and nutritional quality of maize on
soils with limited Zn available to plants.
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