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Abstract

Pearl millet is recognized for its resilience to harsh climates and high nutritional value, making it a key crop for climate-resilient
and low-input agricultural systems. This study aimed to assess the effectiveness of zinc fertilization in Pearl millet (Pennisetum
glaucum L.) hybrids in conjunction with nitrogen fertilizer. During the Kharif seasons of 2022 and 2023, the study was conducted
in the field at South Farm, Karunya Institute of Technology & Sciences (KITS) campus, Karunya University, Coimbatore, Tamil
Nadu. Six sub-plot treatments were examined in the main plots for two hybrids, M, (non-biofortified) and M, (biofortified), as well
as their corresponding foliar applications supplemented with ZnO (Ss, Ss, and Sg) and soil nitrogen applications at 40 kg ha™
(S1), 60 kg ha™ (S,), and 80 kg ha™ (S;). Zinc fortification using 80 kg ha™ N and ZnO foliar spray (Se) significantly improved
pearl millet growth, yield, and quality in the western ghat zone of Tamil Nadu, India. Application of Zinc oxide @ 0.5% foliar
spray at 25 and 50 days after sowing with 80 kg ha™ of N fertilizer (Sg) had shown significant higher plant height (194.01 cm),
grain yield (3.62 t ha™"), crude protein (10.85%), iron (79.33 mg kg™") and zinc (42.32 mg kg™).

This study offers novel insights into optimizing nutrient management for pearl millet, a crucial crop for food and nutritional secu-
rity within climate-resilient farming systems. These findings not only contribute to the development of low-input, nutrient-rich
crop production models but also support the broader goals of sustainable agriculture and biofortification to combat hidden hun-
ger in marginal environments.

Keywords: Foliar, Fortification, Nitrogen, Nutrition, Zinc

INTRODUCTION

Pearl millet, a crucial cereal crop, ranks sixth after rice,
wheat, maize, barley, and sorghum. Millet, a staple
food, is cultivated on approximately 30 million hectares
in Asia and Africa, encompassing over 10 million hec-
tares in Asia and 18 million hectares in Africa (Raheem
et al., 2021). Pearl millet has a higher nutritional value
than sorghum, maize, rice, and wheat. Pearl millet is a

highly nutritious grain, containing 17-65 mg/g of pro-
tein, as well as Fe, Zn, and lysine, making it a valuable
source of iron and zinc. Uppal et al. (2015) found that it
contains a higher protein content, improved fat diges-
tion, and antioxidants such as coumaric and ferulic ac-
ids. The source of energy is also abundant.

Out of all the environmental challenges, heat and
drought are the two most essential productivity re-
strictions. Pearl millet, a resilient crop species, can
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meet the increasing global food demands due to its
ability to withstand high temperatures and low rainfall.
Due to its innate resistance to biotic and abiotic stress-
es, pearl millet, a native plant, thrives in marginal soils
with erratic rainfall and environmental challenges
(Serba and Yadav, 2016). Singhal et al. (2018) highlight
that it can significantly address micronutrient deficiency
in developing countries by providing 30-40% inorganic
nutrients, affordable staple food, and sufficient iron and
zinc.

Nitrogen (macronutrient) and zinc (micronutrient) are
known to work in concert to promote the growth, yield,
and nutrient content of pearl millet (Prasad ef al., 2014a
and Chappali et al., 2024). Furthermore, excessive ap-
plication of nitrogen results in low nitrogen usage effi-
ciency, even if the highest amount of nitrogen is needed
for growth and development. Simultaneously, insuffi-
cient application and low soil zinc levels result in low
grain zinc levels. Therefore, the most appropriate and
economical method for increasing the zinc content of
grain is through agronomic zinc biofortification (Singh
and Prasad, 2014; Somanath et al., 2023).

The crop responds to fertilizer delivery immediately as
foliar application rates are lower than those for soil ap-
plication, making it easy to supply the same amount of
nutrients. It is also advantageous when soil characteris-
tics, such as heavy textures, high pH calcareous soils,
or lime, prevent the roots from supplying essential nutri-
ents, like zinc. When applied topically, zinc enhances
grain quality and production in pearl millet (Zong et al.,
2011; Gurusiddappan et al., 2023). Higher nitrogen ap-
plication has been shown to positively correlate with
increased uptake and concentration of micronutrients
(Fe and Zn) in the grains of edible crops (Faisal and
Muhammad, 2019; Qingyue et al., 2022).

The present study compared different combinations of
N-fertiliser doses to evaluate the effectiveness of zinc
fertilizers in promoting successful pearl millet
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(Pennisetum glaucum L.) seed crops. This research
investigates the effect of Zinc fortification on Pearl mil-
let growth metrics, yield components, and quality by
combining nitrogen doses with zinc foliar spray.

MATERIALS AND METHODS

Experimental site

A field study conducted in July 2022 and 2023 at South
Farm, KITS campus, Karunya University, Coimbatore,
Tamil Nadu (Fig.1), examined the effect of zinc fortifica-
tion on the yield and quality of pearl millet (Pennisetum
glaucum L.).

The experiment site was situated at an elevation of 467
meters above mean sea level, with geographical coor-
dinates of 10.934°N, 76.75°E. The average annual rain-
fall in Coimbatore is 875.50 mm, with a peak of 925
mm during the southwest monsoon (Fig. 2). The aver-
age temperature is 36.4°C, with a minimum of 24.2°C
(Fig. 3). The relative humidity fluctuates between 65%
and 85% (www.weatherandclimate.com/india/
tamilnadu/coimbatore).

Prior to seeding, three replicates of soil samples were
taken from each treatment plot to examine the initial
physicochemical characteristics. The experimental field
was a sandy clay loam soil, part of the Peelamedu se-
ries, classified as Typic Ustropepts. The trials of pearl
millet hybrids NBH 5767 (non-biofortified) and HHB 299
(biofortified) were conducted during the Kharif 2022
and 2023 seasons, respectively.

Field experiment details

The field experiment utilized a split-plot design, with
three replicates across 36 plots, each measuring 12 m?
(4 m x 3 m). My (non-biofortified) and M, (biofortified)
pearl millet hybrids were studied in the 2022 and 2023
Kharif seasons, with the primary plots consisting of
both non-biofortified and biofortified treatments. The
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Fig. 1. Map showing the South Farm, Karunya Institute of Technology & Sciences (KITS) study area

982


http://www.weatherandclimate.com/india/tamilnadu/coimbatore
http://www.weatherandclimate.com/india/tamilnadu/coimbatore

Dhivyalakshmi, T. et al. / J. Appl. & Nat. Sci. 17(3), 981 - 991 (2025)

sub-plots were subjected to six distinct nutrient-level
treatments. These included foliar applications: S, (S +
Zn0), S5 (S, + Zn0), and Sg (S3 + ZnO), and soil appli-
cations: Sy (40 kg ha™), S, (60 kg ha™), and S; (80 kg
ha™).

The sub-plots were subjected to six distinct nutrient-
level treatments. Using a mouldboard plough mounted
on a tractor, each plot in the experimental field was
ploughed once before being levelled and harrowed to
create a fine tilth without altering the design for the sub-
sequent growing season. Each plot's irrigation chan-
nels and bunds were altered following ploughing. All
suggested cultural practices and plant protection
measures for pearl millet have been implemented in
accordance with the Crop Production Guide for Tamil
Nadu's  agricultural crops (https://tnau.ac.in/site/
research/crop-production-guide/).

Soil application (Manure and fertilizer)

The soil was enriched with the necessary quantities of
well-decomposed FYM 10 days prior to puddling. An
NPK dose of 80:40:40 kg ha™ was supplied by muriate
of potash (60% K;0O), urea (46% N), and single super
phosphate (16% P,0s), following the treatment plan
(Giri et al., 2024). Half of the base doses of potassium
(K), phosphorus (P), and nitrogen (N) were given,
with the remaining 50% applied 25 days post-
transplant.

Foliar application (Zinc)
Following the prescribed treatment schedule, a 0.5%
ZnO solution was applied twice as a foliar spray at 25
and 50 days after sowing.

Seeds and sowing

The study utilized biofortified (NBH 5767) and non-
biofortified (HHB 299) hybrid seeds of pearl millet. Be-
fore planting along the ridges, the seeds were treated
with Azospirillum and Pseudomonas. One seed per hill
was used to transplant the seedlings, with a 45 x 25 cm
spacing between each transplant. Plant protection
measures and suggested agronomic techniques were
implemented.

Gap filling and thinning were performed 7 days after
transplanting, while hand weeding was done 20 and 40
days after sowing for weed management.

Sampling methods and measurements

The pearl millet crops in the experiment were planted at
a density of 15 plants per m®. For plant growth analysis,
data were measured from ten plants per plot per sam-
pling until the plants reached physiological maturity.
Plant heights and harvests were executed for each rep-
licate. The plant samples were separated into leaves,
stems, panicles, and grains. Leaf area at the plant level
was calculated as the sum of the areas of each green

leaf on a plant, and leaf area index (LAIl) was calculat-
ed (Williams, 1946). An electronic balance was used to
weigh the grains after they had been separated, ears
manually threshed, and the biological yield recorded.
At maturity, grain yield was harvested from 1 m? per
plot. The harvest index, expressed as a percentage,
was calculated by dividing the grain yield by the biolog-
ical yield. The concentrations of crude protein (%) and
Fe, Zn were measured in milligrams per kg of grain of
pearl millet (Parkinson and Allen, 1975).

Growth related parameters

Plant height was determined by measuring from the
ground level to the apex. To determine this indicator,
10 plants were taken from each plot. Each plant was
measured from ground level to the apex at the time of
physiological maturity within the net plot area, and the
means were recorded as plant height.

The LAl was worked out by using the following formula
suggested by Williams (1946).

Leaf area plant™ (cm?)
Leaf AreaIndex (LAI) =

Ground area occupied plant™(cm?)
To determine the DMP, the selected samples were
oven-dried for 24 hours at 80°C £ 5°C to a constant
weight.

The number of tillers was counted in all the plants pre-
sent in 1 Sq.m quadrate for each treatment and finally
averaged.

Yield related parameters

Ten different samples were used to compute no. of
tillers plant”, total no. of effective tillers plant”, ear
head length (cm) and ear head girth (cm). During har-
vesting, samples were taken to adjust the seed mois-
ture to 14% for yield and weight of 1,000 seeds by
weighing on an electronic balance. The plants were
sun-dried in the field for 4 days after harvesting to rec-
ord the biological yield (tons ha™). After recording the
biological yield, the ears were manually threshed, and
the grains were separated and weighed using a digital
balance to record the grain yield. The harvest index
was calculated as the ratio of grain yield to biological
yield, expressed as a percentage of the biological
yield.

Grain nutrient analysis

Grain protein was determined by the formula: Protein
(%) = N content (%) x 6.25. The N content was meas-
ured according to Kreig & Holt (Parkinson and Allen,
1975). The samples were ashed in a muffle furnace at
550 °C for 10 h. The ash was dissolved in concentrated
HCI, and the iron-zinc content was determined by
atomic absorption spectrometry (Shimadzu AAF-6701,
Japan), as suggested in the AOAC method No. 965.09
(AOAC, 2000).
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Statistical analysis

The data was analyzed using the split-plot design
method and ANOVA techniques recommended by
Gomez and Gomez (1984), with the 'F' test used to
determine the significance of differences between
means. The significant differences between treatments
were determined by exceeding the tabulated value of
the calculated 'F-value.

RESULTS AND DISCUSSION

Growth parameters

The effects of zinc fortification and nitrogen fertilizer
levels on pearl millet plant height, leaf area index, dry
matter output, and days to flowering are presented in
Table 1. The ideal combination of foliar micronutrient
spray and nitrogen fertilizer ensures a balanced and
timely nutrient supply, significantly enhancing crop per-
formance. Consequently, pearl millet grown under ade-
quate and well-balanced nutrition exhibited superior
growth parameters.

Plant height

The study revealed a significant difference (P = 0.05) in
plant height resulting from the application of different
nitrogen fertilizer levels. The highest plant height at
harvest was achieved in Sg - N @ 80 kg ha™ with ZnO
foliar application, followed by Ss (185.77) - N @ 60 kg
ha” and S, (176.17 cm) - N @ 40 kg ha™. The even

and steady delivery of nutrients may have contributed
to enhanced crop growth as it approached the repro-
ductive stage, as indicated by the increase in plant
height. Increased nitrogen intake, an essential protein
and protoplasmic component that supports vegetative
growth, causes plants to grow taller (194.01 cm). Grain
yield per plant and plant height were significantly posi-
tively correlated. Rahman et al. (2013) reported compa-
rable findings. Zinc oxide (ZnO) foliar spray with high
nitrogen levels demonstrated significant superiority in
growth parameter values in both growing seasons due
to its effective crop utilization and ability to overcome
soil deficiency problems. Zinc foliar application may
contribute to plant height growth by producing IAA, en-
hancing auxin metabolism, stimulating enzyme activity,
and increasing photosynthetic pigments, thereby sup-
porting vegetative development in treated corn plants
(Hamid et al., 2013). Zinc actively participates in auxin
production, which increases cell size and number,
thereby enhancing plant height in pearl millet (Dashadi
et al., 2013; Gurusiddappan et al., 2023). It showed that
the administration of NPK at 400 kg ha™ resulted in
higher plants that differed from those in other treat-
ments. This was presumably because the administra-
tion of NPK400 kg ha™ has fulfilled the nitrogen require-
ment of plants (Usman et al., 2022).

Leaf area index
The leaf Area Index (LAl) significantly influences trans-

Table 1. Impact of zinc fortification on growth components of pearl millet (data from the pooled Kharif season)

Total no. of
o .
Treatment PH (cm) LAI bmMP A Days tf) 50% No. 0_1: tillers effective tillers
(kg ha™) flowering plant A
plant
Hybrids
M, — Non-biofortified 176.00 2.07 3120.69 4517 23.58 4.46
M, — Biofortified 167.04 1.41 2773.66 40.83 17.21 3.56
SE(d) 0.99 0.02 18.61 0.33 0.63 0.09
CD (P=0.05) 4.61 0.08 86.22 1.54 2.94 0.40
Nutrient levels
S+-N @ 40 kg ha™ 152.48 1.26 2376.32 49.00 12.95 1.39
S,-N @ 60 kg ha™ 156.70 1.39 2527.16 46.50 14.98 2.50
S;-N @ 80 kg ha™ 163.97 1.48 2803.68 45.00 17.58 3.43
_ o,
Sa-S1+Zn0@05% 44647 1.76 3040.57 42.50 20.99 4.55
foliar spray
_ ")
Ss- S+ ZN0 @ 05%  4q5 77 2.08 3246.96 39.00 25.02 5.48
foliar spray
_ [
Se-Ss+ZN0@OS% 49401 245 368834 36.00 30.85 6.67
foliar spray
SE(d) 1.28 0.04 37.46 0.59 0.44 0.23
CD (P=0.05) 2.69 0.08 78.69 1.25 0.94 0.48
SE(d) 1.93 0.05 52.98 0.84 0.86 0.31
Mat S CD
(P=0.05) 5.35 0.13 128.59 NS 2.99 0.71
SE(d) 1.81 0.06 51.82 0.84 0.63 0.32
SatM CD
(P=0.05) 5.02 0.13 125.78 NS 2.19 0.75

ZnO: Zinc Oxide; NS: Non-significant; PH: Plant height; LAIl: Leaf area index; DMP: Dry matter production
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location and photosynthesis. The study found a signifi-
cant increase in LAl at harvest (2.46, 2.08, and 1.76) in
Se, S5, and S,, respectively, under different nutrient-
level treatments. The study reported by Boetang et al.
(2006) found that enhanced nitrogen utilization led to a
larger leaf surface area, resulting in higher leaf area in
the maize crop. Sassenrath (1995) indicated that the
rapid attenuation of PAR mainly occurred in the upper
canopy of cotton genotypes that had larger and fairly
flat leaves, compared with genotypes that had more
erect leaves. Larger leaf area allows for greater light
interception, leading to increased photosynthetic activi-
ty and higher biomass production was recorded in T-0
than in the CRIB0 and Ji958 cotton cultivars (Zhigang
et al., 2016).

Dry matter production

The nutrient level treatment Sg (3688.34 kg ha™)
showed significantly higher dry matter production
(DMP) compared to Ss (3246.96 kg ha™). The second
group, S4, weighed 3040.57 kg ha™, followed by S;
(2803.68 kg ha™). Kolawole and Samson's (2009) in-
vestigation revealed a strong relationship between dry
matter production and leaf area index (LAI), indicating
that higher LAl causes more substantial dry matter ac-
cumulation in the maize crop. The rationale for en-
hanced dry matter accumulation in pearl millet could be
attributed to a combined increase in plant height and
photosynthetically active leaf area caused by ZnO. The
study by Prasad and Naik (2013) found that improved

N (100 kg ha™) with Zn (0.5%) spraying extended leaf
area duration, increased photosynthetic rate, and in-
creased dry matter accumulation in sweet corn.

Zn enhanced the activity of meristematic cells, which
was reflected in better vegetative growth, including in-
creased photosynthetic area and the number of tillers,
and ultimately contributed to increased dry matter pro-
duction in pearl millet (Shekhawat and Kumawat,
2017). A coupled increase in plant height and photo-
synthetically active leaf area due to 0.5% ZnO foliar
spray might be the reason for increased dry matter ac-
cumulation in pearl millet. Additionally, they may be due
to the complementary effect of other inherent nutrients,
such as magnesium, iron, and sulfur, with zinc (Koti et
al., 2009; Gurusiddappan et al., 2023).

Days to 50% flowering

The increase in days to 50% flowering was found to be
higher under S; (49.00) and S, (46.50) nutrient treat-
ments. The treatment was comparable to S3 (45.00),
followed by S, (42.50), S5 (39.00), and S (36.00). The
lower days taken to flowering were influenced signifi-
cantly by fertility management practices. Kumar et al.
(2018) also reported similar results. Although N @ 40
kg ha™' (S) produced the most significant number of
days required to reach 50% flowering, this indicates
that there are not enough nutrients available to accom-
plish growth improvement. Kumar et al. (2018) also
reported similar results, finding that the higher number
of days taken in silking was observed in the case of

Table 2. Impact of Zinc fortification on yield and its components of Pearl millet (Pooled Kharif season data)

Treatment E:'::') EHG (cm) TW (g) GY (tha') SY(tha') HI
Hybrids
M, — Non-biofortified 19.07 2.69 12.07 3.09 6.94 28.71
M, — Biofortified 16.01 2.28 10.91 2.42 4.62 26.60
SE(d) 0.07 0.03 0.14 0.02 0.43 0.25
CD (P=0.05) 0.31 0.13 0.63 0.13 2.03 1.16
Nutrient levels
Si- N @ 40 kg ha™ 11.36 1.13 9.18 1.82 4.92 21.43
S,-N @ 60 kg ha™ 12.81 1.27 10.11 2.04 5.30 23.34
S;-N @ 80 kg ha™ 15.08 1.93 11.26 2.64 5.62 25.59
S4-S1+2Zn0O @ 0.5% foliar spray 17.79 2.69 11.31 3.03 6.06 29.76
Ss- S, + ZnO @ 0.5% foliar spray 22.56 3.67 12.63 3.36 6.25 32.01
Se - Sz + ZnO @ 0.5% foliar spray 25.65 4.27 14.42 3.62 6.50 33.81
SE(d) 0.34 0.09 0.24 0.05 0.44 0.24
CD (P=0.05) 0.72 0.21 0.51 0.11 0.92 0.49
Mats SE(d) 0.45 0.13 73.67 0.72 0.71 0.39
CD (P=0.05) 0.97 0.28 NS 1.84 2.18 1.23
S atM SE(d) 0.48 0.14 0.34 0.74 0.62 0.33
CD (P=0.05) 1.05 0.31 NS 1.85 1.89 1.04

EHL: Ear head length; EHG: Ear head girth; TW: Test weight; GY: Grain yield; SY: Straw yield; HI: Harvest index; N— Nitrogen;

ZnO - Zinc Oxide; NS: Non-significant
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Table 3. Impact of Zinc fortification on grain quality of Pearl millet (Pooled Kharif season data)

Treatment Crude Protein (%) Fe (mg kg™) Zn (mg kg™
Hybrids
M, — Non-biofortified 8.46 73.48 36.44
M, — Biofortified 10.06 76.27 41.64
SE(d) 0.06 3.44 0.91
CD (P=0.05) 0.26 14.82 3.93
Nutrient levels
S1-N @ 40 kg ha™ 7.37 69.91 35.05
S,-N @ 60 kg ha™ 8.25 72.19 37.13
S;-N @ 80 kg ha™ 8.90 74.53 38.68
S4-S1+2ZnO @ 0.5% foliar spray 9.73 75.53 39.78
S5 - S, +ZnO @ 0.5% foliar spray 10.45 77.76 41.29
Se - S3 + ZnO @ 0.5% foliar spray 10.85 79.33 42.32
SE(d) 0.24 1.89 1.05
CD (P=0.05) 0.50 3.94 2.18

SE(d) 0.16 1.29 0.68
Mat S

CD (P=0.05) 0.33 3.20 1.50
SatM_ Zp p-o.0s) 036 279 54

Fe — Iron; Zn - Zinc; N — Nitrogen; ZnO — Zinc Oxide

fertility management practices, which were recorded
under F1 (100% RDF) and O3 (25 t FYM/ha), among
the rest of the treatments in pearl millet hybrids. How-
ever, N @ 40 kg ha™ (S,) yielded a considerably more
prominent number of days necessary to reach 50%
flowering, which shows that insufficient nutrients are
available to support the growth increase. The results
align with the research of Afe et al. (2015) and Bekele
et al. (2018), which showed that plots treated with the
combined application of pressmud at 2.5 t ha-1 mixed
with NPK 30 kg N ha-1 and foliar fertilizer commenced
tasselling earlier at 38 days after planting in the pearl
millet crop.

Tillers per plant

The amount of nitrogen fertilizer administered through
foliar applications had a significant (P < 0.05) impact on
the number of tillers and effective tillers per plant. The
highest no. of tillers (30.85) was recorded in Se— N @
80 kg ha™ with ZnO foliar application, followed by Ss
(25.02) - N @ 60 kg ha” with ZnO foliar applications
and S, (20.99) - N @ 40 kg ha™ with ZnO foliar appli-
cations through various nitrogen level treatments. The
lowest number of tillers (12.95) were recorded at S;- N
@ 40 kg ha™.

Increased nitrogen availability from inorganic and zinc
fertilizers may (100 % RDF +15 t FYM ha-1 + Bio NP
Consortia (T5)) increase in both total and effective till-
ers at harvest, leading to stiffer straws, which have re-
sulted in profuse ftillering in pearl millet (Manish et al.,
2021)

Yield and yield components

Table 2 presents the effects of nitrogen management
practices on ear head length, ear head girth, thousand-
grain weight, and grain and straw yield in pearl millet
fortification.

The yield components showed significant differences
(P = 0.05) across different sub-plot nutrient level combi-
nations. Among the treatments, the highest ear head
length (25.65 cm), ear head girth (4.27 cm), and thou-
sand-grain weight (14.42 g) were recorded in Sg (N @
80 kg ha” with ZnO foliar application. The ear head
length, girth, and test weight of ear heads treated with
nitrogen fertilizer integrated with zinc source were com-
parable but significantly higher than those treated with
nitrogen alone. An up-and-down trend with a significant
difference was shown by 1000 grain weight in response
to zinc application along with full NPK (Khattak et al.,
2015). The increase in grain yield (3.62 t ha™) may be
attributed to the slow release of nutrients, as well as the
timely availability and release of nutrients. Non-
biofortified maize (Commercial Hybrids) achieves high
yields primarily due to their genetic potential, which
enables them to tolerate higher densities, increased
nitrogen availability, and micronutrient fertilizers for
optimal plant development (Ahmad et al. 2017).

The treatment that received 1.0 % ZnSO, as a foliar
spray recorded 55 % higher grain yield, while that with
15 kg ha” ZnSO, as soil treatment + 1.0 % ZnSO, as
foliar spray recorded 48 % higher grain yield over the
control in wheat crop (Khattak et al., 2015). Increase in
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Rainfall (mm)
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Fig. 2. Weekly total rainfall (mm) for 2022—-2023 cropping season (July—October)

the grain yield of maize and wheat with Zn addition at
the rate of 5 kg ha™ or 2 times as a foliar spray of 0.5 %
ZnSQ,, and this treatment showed an economical value
greater than all the other concentrations added to pearl
millet (Khattak et al., 2006).

Ved et al. (2002) stated that foliar-applied zinc enhanc-
es photosynthesis, stimulates early plant growth, and
improves nitrogen fixation, grain protein, and yield.
The study found that Sg (N @ 80 kg ha™ + ZnO foliar
application) yielded significantly higher grain and stover
yields, followed by S5 (N @ 60 kg ha” + ZnO @ 0.5%
foliar spray). Increased nutrient availability and the
presence of vital micronutrients like iron and zinc result-
ed in greater yields from foliar treatments.

A balanced nutrient supply that permits adequate pho-
tosynthetic absorption is responsible for the rise in dry
matter production. In addition to improving grain and
straw productivity, the effective conversion of the
source to the sink lengthened the ear head. Foliar
spray nutrient supplementation enhanced nutrient avail-
ability throughout the crop season, resulting in im-
proved crop growth and development, as well as higher
agricultural productivity (Zerihun et al., 2013). Grain
and straw yields were higher in N @ 80 kg ha” + ZnO
@ 5% foliar spray (Sg) by 98.90 and 32.11%, respec-
tively, than in N @ 40 kg ha™' (soil treatment only). Nu-
trient uptake enhances nutrient accumulation and
translocation to developing earheads, thereby improv-
ing filling and grain weight, and ultimately leading to
higher yields in maize (Chakraborti et al., 2009). Micro-
nutrient fertilization in pearl millet has resulted in a sig-
nificant increase in straw vyield, likely due to enhanced
plant growth and biomass production, as well as in-
creased nutrient uptake. The study found that the grain
yield of pearl millet (Pennisetum glaucum L.) var. Ka-

veri super boss, Nandi-75) indicated the cumulative
positive influence of yield-attributing traits (Mehta et al.
2008). Prasad et al. (2014b) and Giri et al. (2024) also
observed a linear increase in grain yield and biological
yield of pearl millet with increased nitrogen levels.

Quality parameters

Table 3 displays the effects of zinc fortification on the
crude protein, iron (Fe), and zinc (Zn) of pearl millet at
varying nitrogen levels. According to the study, the
most effective method for increasing the amount of
crude protein, iron, and zinc in grains after harvest was
Ss (N @ 80 kg ha™ with ZnO foliar treatment). The ap-
plication of S;-N at 80 kg ha™' yielded the lowest values
when compared to Sg (N @ 60 kg ha(1* with ZnO foliar
spray). The difference in the increase level in concen-
trations of these ions, viz., Fe, Mn, Cu, and Zn, be-
tween the two genotypes (IR64 and IR68144-3B) sug-
gested that N fertilizer application only influences the
accumulation of elements in different parts of rice but
does not affect the characteristic expression of the gen-
otypes.

A significantly higher protein content (12.48%) was rec-
orded with 120 kg N ha™' than with no fertilizer N appli-
cation in pearl millet (Sunita et al., 2024). The results
suggested that the increased application of nitrogen led
to a subsequent increase in total rice grain protein con-
tent, indicating that any increase in N absorption by
roots eventually enhances its assimilation in leaves and
reassimilation in developing grains (Chandel et al.,
2010).

Zinc, which is essential for the metabolism of nitrogen
and carbohydrates and the biosynthesis of plant growth
regulators (IAA), may be the cause of the increase in
the maximum crude protein percentage observed in the

987



Dhivyalakshmi, T. et al. / J. Appl. & Nat. Sci. 17(3), 981 - 991 (2025)

Table 4. Interaction effect of hybrids and nutrient management on grain quality of Pearl millet (Pooled Kharif season data)

Hybrid Nutrient levels Crude Protein (%) Fe (mg kg™) Zn (mg kg™
Fi-N @ 40 kg ha™ 6.88 69.25 32.63
F.-N @ 60 kg ha™ 7.68 70.85 34.70
Hy Fs-N @ 80 kg ha™ 8.13 73.03 35.85
F4-F4+2ZnO @ 0.5% foliar spray 8.77 74.08 37.07
Fs-F, +ZnO @ 0.5% foliar spray 9.43 76.10 38.48
Fs—F3+ ZnO @ 0.5% foliar spray 9.86 77.57 39.90
Fi-N @ 40 kg ha™ 7.85 70.57 37.47
F,-N @ 60 kg ha™ 8.82 73.53 39.57
H, Fs-N @ 80 kg ha™ 9.67 76.02 41.52
F4-F4+2ZnO @ 0.5% foliar spray 10.70 76.98 42.48
Fs-F2+2ZnO @ 0.5% foliar spray 11.47 79.42 4410
Fe— F3+ ZnO @ 0.5% foliar spray 11.83 81.08 4473
SE (d) 0.16 1.29 0.68
Mat S
CD (P=0.05) 0.33 3.20 1.50
SE (d) 0.17 1.34 0.74
SatM
CD (P=0.05) 0.36 2.79 1.54

H, —Non-biofortified; H, — Biofortified; Fe — Iron; Zn — Zinc; N — Nitrogen; ZnO — Zinc Oxide
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Fig.3. Weekly max and min temperatures in 2022—2023 during the cropping season (July—October)

combined treatments (N fertilizer (120:65:110) with
ZnS0O4 1% foliar). This might be the reason for the in-
crease in protein content. Without affecting biological
yield, foliar zinc spraying in alkaline soils significantly
increased test weight and grain protein content in the
wheat variety “Siran 2008” (Khattak et al., 2015). Such
an increase in bioavailability of Fe and Zn in grain
might be due to the foliar application at an active
(vegetative and reproductive) crop stage. For foliar Zn
application frequency, two- and three-times application
led to a greater increase of grain Zn mass concentra-
tion (10.2+2.07 and 8.71+1.26 mgkg™') than a one-
time application, which led to an increase by 5.98 +
1.28 mg kg™ in rice (Lu Liu et al., 2023).

Hidoto et al. (2017) confirmed that foliar Zn treatment

increased grain Zn content by 22% over Zn seed prim-
ing in the chickpea crop. Zn foliar fertilization also pro-
vided additional benefits, including vigorous early-stage
growth, improved yield, and tolerance to biotic and abi-
otic stresses. The results agreed with Mohsin et al.
(2014) and Augustine and Kalyanasundaram (2020) in
two stages of zinc foliar applications in the maize crop.

Interaction of hybrid and nutrient levels

"Genotype plays a crucial role in determining the accu-
mulation of iron (Fe), zinc (Zn), and protein in rice
grains. It can be concluded that while grain nutritional
traits were significantly influenced by location, genotype
x |ocation interaction, nitrogen fertilizer levels, and gen-
otype x nitrogen application interaction, the genotypic
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differences emerged as the most significant factor influ-
encing grain protein, iron, and zinc contents in rice."
Therefore, selecting genotypes with higher grain micro-
nutrient content across various soil types is a sound
strategy (Chandel et al., 2010).

Comparative analysis of grain protein, iron, and zinc
values of the 2 pearl millet hybrids grown under differ-
ent treatments indicated that the ranking of hybrids for
crude protein, grain iron, and zinc content at different
nitrogen and zinc foliar applications in two seasons
remained more or less the same. It can thus be con-
cluded that although grain nutritive traits showed a sig-
nificant effect of seasons, the interaction between hy-
brids x nutrient levels, as well as hybrid differences,
was found to be the most significant factor determining
the grain protein, iron, and zinc contents in pearl millet
grains. The study found that a biofortified hybrid with N
@ 80 kg ha” + ZnO @ 5% foliar spray showed higher
crude protein, Fe, and Zn levels compared to a non-
biofortified hybrid (Table 4). The lowest quality was
recorded under the N @ 40 kg ha™ (S;) with biofortified
hybrid and non-biofortified in both Kharif seasons. Sig-
nificant quality changes might occur due to genetic po-
tential, agronomic, and environmental changes.

Conclusion

This study's findings demonstrated that HHB 299
(biofortified) hybrids in pearl millet cultivated during the
Kharif season under irrigated conditions was highly
responsive to zinc fortification. The study recommends
a combination of ZnO foliar application and nitrogen
application at 80 kg ha” in the soil (Sg) for optimal
growth, productivity, and quality of pearl millet. This
long-term, integrated strategy has the potential to pro-
vide a valuable nutritional source for both human and
animal populations. The Fe and Zn content of pearl
millet grains was significantly increased by applying
ZnO foliar spray (S) during the active vegetative stage,
thereby improving the grains' overall quality. ZnO foliar
treatments combined with inorganic fertilizers have
been shown to be a successful way to improve grain
quality. Experimental results show that zinc fortification,
particularly through ZnO foliar applications, can signifi-
cantly increase pearl millet yield and quality, making it a
viable cultivation strategy in Tamil Nadu's Western
Ghats region.
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