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Abstract

A field experiment was conducted during the kharif 2024 at the Research Farm of Advanced Centre for Rainfed Agriculture (ACRA), Rakh
Dhiansar of Sher-e-Kashmir University of Agricultural Sciences and Technology of Jammu to study the influence of zinc (Zn) and iron (Fe)
application on the productivity of pearl millet (Pennisetum glaucum L.) cultivars under rainfed agro-ecosystem. The experiment was laid out in
a Factorial randomised block design (FRBD) and replicated thrice, comprising 14 treatment combinations of two pearl millet cultivars and 7
nutrient doses. The experimental results revealed that among the pearl millet cultivars, HHB 299 was significantly superior to Pusa 1201, in
terms of growth, nutrient uptake, yield and yield attributes except for plant height (PH) and length of ear head. However, among the nutrient
doses, significantly the highest growth, nutrient uptake, yield and yield attributes were obtained in treatment T+. Moreover, the interaction
between pearl millet cultivars and nutrient doses was significant, with HHB 299 showing the highest values when combined with T+, while
Pusa 1201 showed the lowest values when combined with T,. Hence, treatment T+ which is the soil application of 25 kg ha? zinc sulfate
(ZnS04) + soil application of 20 kg ha ferrous sulfate (FeSO.) along with foliar application of 0.5 % ZnSO,+ foliar application of 0.5 % FeSO; at
45 DAS in HHB 299 cultivar, proved to be an effective strategy in enhancing growth and yield of pearl millet under rainfed conditions.
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critical role in enhancing food and nutritional security and reducing
poverty in regions facing recurrent climatic anomalies. In India, pearl
millet occupies approximately 7.36 million hectares, yielding a total
production of 11.20 million tonnes and an average productivity of
1523 kg ha? (5). In the Union Territory of Jammu and Kashmir, pearl
millet covered 19090 hectares, achieving a productivity of 529 kg ha'
and a total output of 10107 tonnes, representing approximately
0.09 % of national production (6).

Introduction

Pearl millet (Pennisetum glaucum L.) is regarded as one of the most
resilient warm-season cereals, distinguished by its exceptional
capacity to thrive under drought, poor soil fertility and
high-temperature regimes (1). Commonly referred to as bajra, bajri,
sajja, combo, or kambam (2), it is often labelled the Poor man’s crop
due to its prominence among resource-limited farming
communities across Asia and Africa. It outperforms cereals such as
wheat, rice, maize, sorghum and barley due to its Csbased
metabolism, high photosynthetic efficiency, greater biomass

Traditional pearl millet cultivars generally exhibit reduced
productivity due to inherent genetic constraints, limiting further

production and strong tolerance to abiotic stress, thereby enabling
superior performance in low-input, marginal environments (3).
Nutritionally, its grains contain 11-19 % protein, 60-78 %
carbohydrates and 3.0-4.6 % fat and they are particularly rich in
phosphorus and iron (4). Among major millets, it is one of the most
concentrated sources of essential micronutrients, especially Iron
(Fe), calcium (Ca) and zinc (Zn), making it a cost-effective alternative
to staple grains such as wheat, rice and maize. Owing to its
robustness and superior drought tolerance, pearl millet plays a

intensification of their cultivation in nutrient-deficient soils. Owing to
its naturally high Fe and Zn content, pearl millet serves as an effective
crop for mitigating micronutrient malnutrition. Advances in breeding
have led to the development of both conventional and biofortified
varieties with enhanced micronutrient density, thereby
strengthening food and nutritional security in dryland farming
systems (7). Balanced fertilisation further improves physiological
performance and biomass accumulation compared to the
application of single or limited nutrient combinations, particularly
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with respect to micronutrient supply.

Micronutrients are integral to numerous metabolic and
biochemical pathways and deficiencies can markedly impair growth
and development, with severe deficits potentially halting growth
entirely. Among these elements, Zn and Fe are especially crucial
because of their roles in key enzymatic and physiological processes.
Zinc is a key micronutrient and the fourth major yield-limiting
element after nitrogen, phosphorous and potassium (8). It supports
core physiological functions, including photosynthesis, protein and
carbohydrate synthesis, hormonal regulation and reproductive
development and is required for tryptophan biosynthesis and,
subsequently, for indole acetic acid (IAA) biosynthesis (9, 10). By
improving assimilate translocation, Zn enhances source-sink
efficiency and yield formation. Deficiency of Zn reduces growth
hormone production, causing short stems and tiny, malformed
leaves that create rosette forms in dicots and fan-shaped growth in
young monocots and is among the most widespread mineral
deficiencies globally. Iron is likewise essential due to its central
involvement in DNA synthesis, respiration, chlorophyll formation
and photosynthesis (11). As a critical redox-active cofactor in
metalloproteins, Fe drives numerous oxidation-reduction reactions
fundamental to cellular metabolism (12). Its deficiency commonly
establishes as Fe chlorosis, driven by inadequate bioavailable Fe
relative to plant demand.

High temperature, low organic matter and imbalanced
fertilisation reduce soil fertility and nutrient availability in pearl millet,
worsening issues such as drought, high pH and heat stress (13).
These factors limit root nutrient uptake and contribute to
micronutrient deficiencies in crop. Agronomic biofortification
through seed treatment, along with sole or combined application of
Zn and Fe, especially foliar feeding, is more effective under rainfed,
moisture-limited conditions. While soil application is still necessary,
foliar sprays provide a timely nutrient boost when root uptake is
restricted. Therefore, selecting suitable cultivars and optimising Zn
and Fe application methods is essential. The objectives of this study
were to evaluate how soil and foliar applications of Zn and Fe
affected the growth, yield and nutrient uptake of different pearl
millet cultivars while also assessing the relative economics of the
various treatment combinations.

Materials and Methods
Location and soil of the experimental field plot

The field experiment was carried out during kharif 2024 at the
Advanced Centre for Rainfed Agriculture (ACRA), Rakh Dhiansar,
Sher-e-Kashmir University of Agricultural Sciences and Technology
of Jammu. The site lies in the subtropical Shiwalik foothills of
Jammu and Kashmir at 332 m above mean sea level, positioned at
32°39' N and 74°53' E. Before the experiment, soil samples were
collected from 5 randomly selected spots at a depth of 0-15 cm
using a core sampler. The soil of the experimental field was sandy
loam in texture, slightly acidic (pH-6.67) in reaction, low in organic
carbon (2.64 g kg), available N (168.4 kg ha), K (101.02 kg ha) and
Zn (0.56 mg kg?), while medium in available P (13.95 kg ha?) and Fe
(10.1mgkg?).

Climatic condition

The average annual rainfall of the experimental site is 1072.8 mm.
The crop received a total of 705.3 mm of uniformly distributed rain

2

during its cycle. The maximum and minimum temperatures ranged
from 32 to 35 °C and 21.7 to 25.2 °C, respectively. In the morning and
afternoon, the relative humidity varied between 77 % and 90 % and
56 % and 70 % respectively.

Experimental design

The experiment was laid out in Factorial randomised block design
(FRDB) having 2 factors (A and B). Factor A comprised of two pearl
millet cultivars viz. HHB-299 and Pusa-1201 while factor B had 7
nutrient doses of Zn and Fe viz. Ti: Control, T>: Soil application of
25 kg ha' zinc sulfate (ZnSOa), Tz: Soil application of 20 kg ha™ ferrous
sulfate (FeSOs), T Soil application of 25 kg ha! ZnSO, + foliar
application of 0.5 % FeSOs4 [25 and 45 days after sowing (DAS)], Ts:
Soil application of 20 kg ha FeSO. + foliar application of 0.5 % ZnSO4
(25 and 45 DAS), Te: Soil application of 25 kg ha® ZnSO, + soil
application of 20 kg ha'FeSO,4 and T+ Te + foliar application of 0.5 %
ZnSO4+ foliar application of 0.5 % FeS04(45 DAS), all supplemented
with a uniform application of recommended dose of fertilisers (RDF).

Agronomic practices and fertiliser application

Each treatment combination was replicated thrice in a gross plot size
of 45 m x 3.0 m. Both the pearl millet cultivars were sown on the
11th of July 2024, at a spacing of 45 cm x 15 cm with a seed rate of 5
kg ha' at about 3 cm depth by the kera method. The RDF for the
pearl millet crop [(N: P,0s: K:0) at 100:60:25 kg ha'] was applied to all
of the treatments. Two-thirds of the N dose and the full doses of P
and K were applied as basal and one-third of N was top-dressed at
30 DAS as urea, diammonium phosphate (DAP) and muriate of
potash (MOP). Soil application of Zn and Fe as their sulphates (ZnSQ,
and FeSO, respectively) was carried out as per the technical
programme. Likewise, foliar applications of Zn and Fe as ZnSQs and
FeSO., respectively, were applied at 25 and 45 DAS using a manually
operated knapsack sprayer.

Observations recorded

For recording growth parameters viz, plant height (PH) (cm) and
number of tillers (NT) m? during the crop growth period, 5 randomly
selected plants from net plots of each treatment were tagged, while
dry matter accumulation (DMA) (g m?) was assessed separately by
collecting samples from a one-meter row length taken from the
second row of each plot, avoiding border effects. These samples
were initially shade-dried and subsequently oven-dried at 65 + 5 °C
until a constant weight was achieved. The same 5 tagged plants
used for growth observations were later utilised to record the yield
attributes viz., number of ear head (NEH) m?, length of ear head
(LEH) (cm), girth of ear head (GEH) (cm), weight of grains ear head?
(WGEH) (g), 1000-grain weight (TGW) (g), grain (kg ha™) and stover
yield (kg ha') ensuring consistency and accurate correlation
between growth behaviour and yield performance.

At the time of harvest, samples of pearl millet stover and
grains were taken from each plot according to treatment. After 48 hr
of oven drying at 65 + 5 °C, the samples of both grain and stover were
ground using an electric grinder and prepared for the determination
of N, P, K, Zn and Fe concentrations using the standard procedure
listed in Table 1.

By multiplying the percentage nutrient content by its yield,
the amount of nutrients absorbed by pearl millet grain and stover
was determined.
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Table 1. Methods employed for nutrient content studies of grain and stover samples of pearl millet

Sl. No. Nutrient assessed Method adopted
1. Nitrogen Modified Kjeldhal’s method (14)
2. Phosphorus Ammonium vanadomolybdo phosphoric acid yellow colour method (14)
3. Potassium Ammonium acetate method (14)
4. Zinc Atomic absorption spectrophotometer method (15)
5. Iron Atomic absorption spectrophotometer method (15)

Statistical analysis

Experimental data were analyzed using Fisher’s analysis of variance
technique (ANOVA) through the OPSTAT software and treatment
effects were tested under the null hypothesis using the F-test of
significance (16). Treatment differences were further interpreted by
calculating standard errors and critical differences at the 5 %
significance level (17).

Results and Discussion
Growth parameters

Growth was determined in terms of plant height (cm), number of
tillers m?, dry matter accumulation (g m?) and the data so obtained
are presented in Table 2. Among both the cultivars of pearl millet, the
significantly highest Plant height(198.13 cm) was recorded in Pusa
1201 compared to HHB 299. Plant height variations among cultivars
could stem from differences in internode length and genetic
characteristics, thereby affecting shoot vigour. Among the nutrient
doses, treatment T; had the highest plant height (218.05 c¢m),
significantly higher than all other treatments. The increase in plant
height might be due to the synergistic effect of combined Zn and Fe
application, which enhanced meristematic activity, cell division and
cell elongation. Given the Zn-deficient soil of the experimental site,
balanced and timely micronutrient application improved auxin
synthesis, enzyme activation, chlorophyll formation and nutrient
uptake, thereby promoting greater internodal elongation and
overall vegetative growth (18). Similarly, increase in PH was found by
combined foliar application of ZnSO4 (0.5 %) and FeS04 (0.2 %) in
finger millet (19) while similar results were found through foliar spray

of ZnS04 (0.5 %) + FeSO4 (1 %) + citric acid (0.1 %) twice at vegetative
and flowering stages in finger millet grown in red sandy loam soil
having available Zn and Fe content lower than the critical limit (20).

However, compared to Pusa 1201, the cultivar HHB 299 had
the noticeably highest number of tillers m2at harvest (23.26). This
might be due to distinct genetic attributes that favoured profuse
tillering. Treatment T recorded the highest number of tillers m?
(25.62) and did not differ statistically from treatment Ts (25.33). The
higher number of tillers m? may be attributed to the combined
application of RDF, along with soil and foliar doses of Zn and Fe,
which likely enhanced nutrient availability and metabolic activity,
thereby improving nutrient uptake and tiller formation. Similar
results were reported in another study, which showed that the
highest NT m? was recorded with the soil application of 50 kg ha?
ZnS04 and 25 kg ha' FeSO, in pearl millet grown in clayey textured
soil with low available Zn and Fe content (21).

Similarly, cultivar HHB 299 of pearl millet expressed
significantly higher dry matter accumulation (610.18 g m?)
compared to Pusa 1201, which might be due to a higher number of
tillers m2 Among the nutrient doses, treatment T; showed the
highest dry matter accumulation (662.18 g m?), significantly higher
than that of all other treatments. The enhanced dry matter
accumulation might be attributed to the combined application of
Zn and Fe, which are vital for N metabolism, chlorophyll synthesis
and the activity of enzymes involved in N assimilation, thereby
promoting overall plant growth. By supporting chlorophyll
formation, these micronutrients helped in  maintaining a
physiological balance between photosynthesis and respiration and
directly influenced biomass production. The findings resonate with

Table 2. Effect of cultivars and nutrient doses on growth parameters of pearl millet at harvest

Treatments Plant height (cm) Number of tillers m? Dry matter accumulation (g m32)
Cultivars
Vi: HHB 299 176.83 23.26 610.18
V»: Pusa 1201 198.13 19.87 517.32
SEm () 2.28 0.22 4.46
CD (5 %) 6.63 0.63 12.96
Nutrient doses
T1: Control 156.68 16.30 449.33
T2: Soil application of 25 kg ha* ZnSO, 173.75 19.77 528.05
Ts: Soil application of 20 kg ha* FeSO4 170.42 19.42 518.65
OT/S.FSe()Slgj%pSllgitcﬁr;%‘:sS) kg ha' ZnS0,+ foliar application of 0.5 202.27 21.95 609.05
;%.anoslap()zpélgitéo:so;:g)kg ha FeSO, + foliar application of 0.5 204.13 22.59 612.52
E:rlsgégsg:plication of 25 kg ha* ZnS04 + soil application of 20 kg 187.08 2533 566.46
gfézz?gggir(:gggcsa;tlon of 0.5 % ZnS0, + foliar application of 218.05 25.62 662.18
SEm () 4.27 0.40 8.34
CD (5%) 12.40 1.18 24.24
Interaction (VxT) NS S S

Recommended dose of N: P.0s: K,0 at 100:60:25 kg ha respectively was applied uniformly to all the treatments.
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results from previous studies, which indicated that in pearl millet, the
application of the 100 % recommended dose of nitrogen (RDN) +
foliar sprays of ZnS04.7H-0 and FeS04.7H,0 at 0.5 % each at 30 and
45 DAS increased total dry matter production (22). Another study
inferred the highest total dry matter production with soil application
of ZnS0;, at 15 kg ha?, along with foliar application of nano-Zn at
4mL LY in pearl millet (23).

Yield and yield attributes

The cultivar HHB 299 recorded significantly higher number of ear
head m?(21.22), girth of ear head (9.63 cm), weight of grains per ear
head (40.71 g) and 1000-grain weight (11.26 g) than Pusa 1201, as
presented in Table 3 and Fig. 1. However, Pusa 1201 noted
significantly higher length of ear head (25.15 cm) compared to HHB
299 cultivar of pearl millet. A higher number of ear head m2 in HHB
299 might be due to better tillering ability and more effective tiller
retention. However, the higher length of ear head of Pusa 1201 and
the greater girth of ear head of HHB 299 might be due to the genetic
makeup of the cultivars. Similar results were reported in another
study (24). The highest weight of grain head? and 1000-grain weight
of HHB 299 might be attributed to efficient nutrient uptake in the
presence of Zn and Fe, which led to an increase in transformation of
assimilates in the grain, i.e,, better partitioning of photosynthates
from source to sink and subsequent development of heavier
seeds (25). However, the treatment T7 recorded the significantly
highest number of ear head m? (24.08), length of ear head
(28.10 cm), girth of ear head (10.76 cm), weight of grain ear head™
(46.79 g) and 1000-grain weight (12.92 g) in pearl millet. Such a
response, as recorded, was probably due to the continuous supply
of Zn and Fe, which supported the assimilation, absorption and
translocation of photosynthates from leaves to the developing ear

head, thereby enhancing key vyield-attributing traits. Similar
increases in yield attributes were corroborated by results from other
investigations using foliar spraying with 0.5 % ZnSOs; and FeSO4,
each at35and 55 DAS, in pearl millet (26, 27).

Likewise, the pearl millet cultivar HHB 299 showed
significant results with respect to grain (3090.42 kg ha?) and stover
yield (7420.68 kg ha?) as compared to Pusa 1201. The highest grain
yield of HHB 299 might be attributed to its greater number of ear
head m?and girth of ear head, which contributed to increased
photosynthate accumulation and more effective transfer to the
developing grains, while the highest stover yield might be due to
higher dry matter content, leading to more interception of light for
photosynthesis. These results corroborate the findings of another
study, which reported similar results in pearl millet (28). Among the
nutrient doses, treatment T; produced the highest grain yield
(3452.04 kg ha!) and stover yield (8375.73 kg ha?), likely due to the
combined effects of Zn and Fe in enhancing key physiological
functions, improving growth attributes and promoting the efficient
translocation of photosynthates to reproductive structures.
However, another study reported similar results in pearl millet,
where treatment with graded fertiliser doses, along with soil
application of 25 kg ha* FeSO4 and 20 kg ha* ZnSO., produced higher
grain and stover yields (29). Furthermore, the results are congruent
with the reports of another investigation (30).

The interaction between pearl millet cultivars and nutrient
doses was significant for growth, yield and yield attributes, except for
plant height, ear head length and ear head girth, as presented in
Table 4. HHB 299 recorded the highest values for growth, yield and
yield attributes in combination with T; [T6 + Foliar application of
0.5 % ZnS0O, + Foliar application of 0.5 % FeSO4 (45 DAS)], while Pusa

Table 3. Effect of cultivars and nutrient doses on yield and yield attributes of pearl millet

Ear head m2 Lengthofear Girthof ear Weight of grains 1000-grain Grain yield Stover yield

Treatments head (cm) head (cm) earhead(g) weight(g) (kg ha) (kg ha)
Cultivars

Vi: HHB 299 21.22 23.18 9.63 40.71 11.26 3090.42 7420.68

V2: Pusa 1201 18.08 25.12 8.41 36.49 9.89 2547.04 6516.01

SEm (+) 0.22 0.30 0.12 0.26 0.09 34.53 76.42

CD (5%) 0.64 0.87 0.35 0.76 0.26 100.36 222.14
Nutrient doses

T1: Control 15.09 20.19 7.23 29.11 8.12 2176.09 5565.16

T2: Soil application of 25 kg ha? ZnSO4 17.41 22.49 8.37 33.81 9.17 2517.71 6346.08

Ts: Soil application of 20 kg ha* FeSO4 16.82 21.83 7.91 33.56 9.04 2475.49 6253.44

T4 Soil application of 25 kg ha' ZnSO,4+

foliar application of 0.5 % FeSO4(25 and 21.84 25.82 9.76 43.31 11.84 312331 7590.70

45 DAS)

Ts: Soil application of 20 kg ha* FeSO4 +

foliar application of 0.5 % ZnS04(25 and 22.21 26.45 10.04 43.74 12.06 3166.58 7695.00

45 DAS)

Te: Soil application of 25 kg ha! ZnSO, +

soil application of 20 kg ha™ FeSOs 20.11 24.17 9.07 39.87 10.87 2819.88 6952.31

T+: Te + Foliar application of 0.5 % ZnSO4 +

foliar application of 0.5 % FeSOs (45 DAS) 24.08 28.10 10.76 46.79 12.92 3452.04 8375.73

SEm () 0.41 0.56 0.23 0.49 0.16 64.59 142.96

CD (5%) 1.20 1.62 0.66 1.42 0.48 187.77 415.58

Interaction (VxT) S NS NS S S S S

Recommended dose of N: P,0s: K,0 at 100:60:25 kg ha* respectively was applied uniformly to all the treatments.
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Table 4. Interaction effect of cultivars and nutrient doses on growth, yield and yield attributes of pearl millet

Treatment Number of Dry matter Ear head m2 Weight of grains ear 1000-grain Grainyield  Stoveryield
combination tillers m? accumulation (g m) head * (g) weight (g) (kg ha) (kg ha)
ViT: 17.48 468.07 17.44 30.15 8.48 2443.63 6046.12
ViT, 22.20 578.26 19.49 35.28 9.63 2807.95 6816.81
ViTs 21.86 563.49 19.18 34.97 9.44 2748.71 6676.37
ViT4 24.14 657.40 22.97 46.04 12.71 3395.20 8052.64
ViTs 24.33 663.88 23.13 46.41 13.01 3419.23 8083.35
ViTe 26.26 616.88 21.23 42.74 11.74 3102.72 7427.07
ViT7 26.56 723.26 25.10 49.37 13.78 3715.47 8842.43
VT, 15.11 430.59 12.73 28.08 7.76 1908.55 5084.20
\Z1P) 17.33 477.84 15.33 32.34 8.71 2227.47 5875.35
V) T3 16.99 473.82 14.46 32.15 8.63 2202.28 5830.51
VaTs 19.76 560.69 20.72 40.58 10.97 2851.43 7128.76
V,Ts 20.84 561.15 21.28 41.07 11.10 2913.93 7306.66
V) Te 24.40 516.03 18.98 37.00 10.00 2537.03 6477.54
V) T7 24.67 601.10 23.06 44.21 12.07 3188.61 7909.03
SEm (1) 0.57 11.79 0.58 0.69 0.23 91.35 202.18
CD (5 %) 1.66 34.28 1.70 2.00 0.68 265.54 587.72
Table 5. Effect of cultivars and nutrient doses on total nutrient uptake of pearl millet
Nitrogen uptake Phosphorus Potassium  zi,¢ yptake  Iron uptake
Treatments (ghat)  uptake (gha’)  MPIke (g pa (gha?)
Cultivars
Vi: HHB 299 76.28 22.53 95.14 323.20 503.28
V2: Pusa 1201 63.59 17.36 77.20 254.02 387.82
SEm (+) 0.78 0.27 0.76 3.35 4.92
CD (5 %) 2.27 0.78 2.22 9.75 14.30
Nutrient doses
T1: Control 54.34 13.68 64.77 191.92 325.30
T2: Soil application of 25 kg ha ZnSO4 63.27 17.30 77.10 249.38 380.51
Ts: Soil application of 20 kg ha* FeSO, 60.32 16.20 74.78 234.69 391.04
345502'é :ggi'éag'ggdojggké)had ZnS04+ foliar application of 75.81 22.48 95.02 327.44 508.29
'(I)"séSo/czléﬁgglal?za;lggé)zg%l;%?a* FeSO, + foliar application of 79.21 23.40 97.62 342.90 499.21
-IEE ﬁ;lll?ggollfatlon of 25 kg ha' ZnSQ4 + soil application of 20 70.38 19.94 85.85 291.38 445.59
g;;g;z/:g(l;g(r)ii’fsllé?éc))n of 0.5 % ZnS0, + foliar application 86.20 26.63 108.05 382.56 568.89
SEm (+) 1.46 0.50 1.43 6.27 9.21
CD (5%) 4.25 1.46 4.16 18.23 26.76

Recommended dose of N:P.0s: K,0 at 100:60:25 kg ha™ respectively was applied uniformly to all the treatments.

1201 in combination with T: (control) recorded the lowest values
significantly. It might be due to greater Zn and Fe uptake by the HHB
299 cultivar compared to Pusa 1201, resulting in increased
meristematic activity and an improved source-to-sink relationship
(31).

Nutrient uptake

Among the pearl millet cultivars, HHB 299 showed highest total
uptake of N (76.28 kg ha?), P (22.53 kg ha?), K (95.14 kg ha?), Zn
(323.20 g ha?) and Fe (503.28 g ha') as compared to Pusa 1201
having corresponding values of 63.59 kg ha?, 17.36 kg ha?, 77.20 kg
ha?, 254.02 g hatand 387.82 g ha’,respectively (Table 5). Moreover,
treatment T recorded a significantly higher total N (86.20 kg ha?),
P (26.63 kg ha), K (108.05 kg ha?), Zn (382.56 g ha?) and Fe (568.89 g
ha?) uptake of pearl millet. In contrast, treatment T: (control)
recorded the least nutrient uptake of N (54.34 kg ha), P (13.68 kg
ha?), K (64.77 kg ha?), Zn (191.92 g ha') and Fe (325.30 g ha?). It
might be due to the synergistic effects of Zn and N, which increased
enzymatic activity, leading to greater vegetative growth and root
development. Similar reports were also obtained from another
study on pearl millet (22). Enhanced root proliferation improves the
uptake of P, K, Zn and Fe, while Zn- and Fe-dependent enzymes

support carbohydrate metabolism. Zinc also boosts N content by
facilitating DNA, RNA and protein synthesis. Potassium aids stomatal
regulation, assimilate transport and water balance, strengthening
plant resilience. Additionally, Zn and Fe promote auxin and
chlorophyll synthesis, thereby improving overall physiological
activity and micronutrient absorption, with foliar application
ensuring direct uptake and efficient translocation from the source to
the sink. The outcomes are consistent with a pooled 3-year study,
which found that soil application of FeSO4 at 10 kg ha' and ZnS0O, at
10 kg ha? increased the uptake of macronutrients (N, P and K) and
micronutrients (Zn and Fe) (32). It was also reported that the highest
Zn and Fe uptake was obtained with the soil application of ZnSQ; at
15 kg ha* and FeS0, at 10 kg ha', along with foliar application of
0.5 % ZnSO, and FeSO; in pearl millet (33). Additionally, similar
results have been reported in other studies (34-36).

Correlation analysis

The correlation matrix revealed uniformly strong and positive
associations among all measured traits, indicating a highly
integrated response among yield components and nutrient uptake
parameters. Yield and yield attributing characteristics viz., grain yield
(kg ha?), stover yield (kg ha?), ear head m?, length of ear head (cm),
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Table 6. Pearson correlation matrix showing relationships among yield, yield attributes and nutrient uptake parameters in HHB 299

Ear head Length of Girth of Weight of 1000- Grain Stover Nitrogen Phosphorus Potassium  Zinc Iron
armltzea earhead ear head grainsear 8" yield yield  uptake uptake uptake uptake uptake

(cm) (cm) head*(g) we(igg)ht (kgha') (kgha') (kgha') (kgha') (kgha?') (gha?) (gha?)

Earhead m? 1.00

Length of

ear head 0.99 1.00
(em)

Girth of ear
head (cm)
Weight of
grains ear 0.99 1.00 0.99 1.00
head  (g)
1000-grain
weight (g)
Grain yield
(kg ha*)
Stover yield
(kg ha)
Nitrogen
Uptake (kg 0.99 0.99 0.99 0.99 0.99 0.99 0.99 1.00

ha?)

Phosphorus

Uptake 0.99 1.00 0.99 0.99 0.99 1.00 1.00 0.99 1.00

(kg ha*)

Potassium

Uptake 0.99 1.00 0.99 1.00 1.00 1.00 1.00 0.99 1.00 1.00
(kg ha)
Zinc Uptake
(gha?)

Iron Uptake
(gha?)

0.99 0.99 1.00

1.00 1.00 0.99 1.00 1.00

0.99 1.00 0.99 1.00 1.00 1.00

0.99 1.00 0.99 1.00 1.00 1.00 1.00

0.99 1.00 0.99 1.00 1.00 1.00 1.00 0.99 1.00 1.00 1.00

0.98 0.99 0.98 1.00 1.00 1.00 1.00 0.98 0.99 0.99 0.99 1.00

Correlation is significant at p < 0.05 level.

Table 7. Pearson correlation matrix showing relationships among yield, yield attributes and nutrient uptake parameters in Pusa 1201

. . 1000- : . : .
Ear head Length of Girth of Weight of grain Grain  Stover Nitrogen Phosphorus Potassium  Zinc Iron

m2 _ earhead earhead grainsear = ..~ vield  vyield uptake (kg uptake uptake  uptake uptake
(cm) (em) head(g) (gg) (kgha?) (kgha?!) ha?) (kgha') (kghal) (ghal) (gha?)

Earheadm? 1.00

Length of

ear head 1.00 1.00
(em)

Girth of ear
head (cm)
Weight of
grains ear 0.99 0.98 0.98 1.00
head * (g)
1000-grain
weight (g)
Grain yield
(kg ha)
Stover yield
(kg ha?)
Nitrogen
uptake (kg 0.99 0.98 1.00 0.97 0.96 0.99 0.99 1.00

ha?)

Phosphorus

uptake 1.00 1.00 1.00 0.98 0.98 1.00 1.00 0.99 1.00

(kg ha?)

Potassium

uptake 1.00 1.00 1.00 0.98 0.98 1.00 1.00 0.99 1.00 1.00
(kg ha?)
Zinc uptake
(gha?)

Iron uptake
(gha?)

1.00 1.00 1.00

0.99 0.99 0.98 1.00 1.00

1.00 1.00 0.99 0.99 0.99 1.00

1.00 1.00 1.00 0.98 0.98 1.00 1.00

1.00 1.00 1.00 0.99 0.99 1.00 1.00 0.99 1.00 1.00 1.00

1.00 0.99 0.98 0.98 0.98 0.99 1.00 0.98 0.99 0.99 0.98 1.00

Correlation is significant at p < 0.05 level.
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girth of ear head (cm), weight of grains per ear head (g) and
1000-grain weight (g) showed strong mutual correlations, reflecting
their collective contribution to final yield formation. Similarly,
nutrient uptake parameters (N, P, K, Zn and Fe) were closely
interrelated, demonstrating synchronised nutrient absorption and
translocation within the crop. The strong positive correlations
between nutrient uptake and yield parameters further suggest that
efficient nutrient acquisition directly supports DMA, grain
development and overall physiological vigour. The Pearson
correlation matrix presented in Table 6 and 7 clearly illustrates this
pattern, showing near-perfect associations (r = 1).

The correlation matrix for HHB 299 and Pusa 1201 revealed
consistently strong positive associations among yield, yield
attributes and nutrient uptake parameters. In HHB 299, correlation
values were nearly perfect (0.98-1.00), reflecting a highly
synchronised physiological response where an increase in nutrient
uptake (N, P, K, Zn and Fe) was closely accompanied by proportional
increases in length of ear head, girth of ear head, weight of grain ear
head?, 1000-grain weight and hence, overall yield. This indicates
efficient nutrient translocation and superior nutrient-use efficiency
within the cultivar.

Moreover, Pusa 1201 also showed strong positive
correlations; however, the values displayed slightly greater variability
(0.96-1.00) than HHB 299. These observations indicate that Pusa
1201 exhibits markedly lower nutrient uptake, leading to discernible
differences in its growth and yield performance. Overall, the strong
correlations across both cultivars emphasize the central role of
nutrient uptake in enhancing biomass accumulation, ear head
development and final grain yield in pearl millet. These results
suggest that HHB 299 possesses a more stable internal mechanism
regulating nutrient absorption, biomass partitioning and grain filling.

Conclusion

Based on the results, it can be concluded that higher growth and
yield in pearl millet can be achieved with soil application of 25 kg ha
ZnSO, and 20 kg ha® FeSO, along with foliar application of 0.5 %
ZnS04 and 0.5 % FeSO; at 45 DAS (T+) in HHB 299 cultivar. Moreover,
the pearl millet cultivar HHB 299, with soil application of 25 kg ha*
ZnS0, and 20 kg ha FeSO,, along with foliar application of 0.5 %
ZnS0, and 0.5 % FeS0, at 45 DAS (T-), also ensured better nutrient
uptake through improved availability and greater absorption by the
crop. Future research may focus on evaluating the long-term effects
of combined Zn and Fe application on soil health and nutrient
dynamics under different agro-climatic conditions. Additionally,
studies could explore optimising micronutrient doses and
application timings for other pearl millet cultivars to further enhance
productivity and nutrient use efficiency.
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