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Abstract

Zinc (Zn) is a vital trace element that plays a crucial role in human health, particularly in enhancing
immune function and protecting against infectious diseases. To combat zinc malnutrition, several
strategies have been adopted globally, including dietary diversification, food fortification,
supplementation, and biofortification. Among these, biofortification of crops, particularly rice, with
zinc has emerged as the most effective and sustainable solution. Rice, being a staple food for millions
in South Asia, is a key target for biofortification due to its low inherent zinc content and widespread
consumption. By enriching rice with zinc, biofortification addresses both malnutrition and soil fertility
issues, aligning with global efforts to achieve food security and improve public health outcomes. In
this context, a field study was conducted to evaluate the effectiveness of various zinc application
methods in rice cultivation. Zinc was applied through soil application, seed priming, and foliar
spraying, with the aim of enhancing zinc content in rice grains while improving growth and yield.
The study demonstrated that zinc (Zn) fortification through soil application, seed priming, and foliar
spraying significantly enhanced rice growth, yield, and grain zinc concentration. Soil application of
ZnSOa4 at 15 kg ha™! proved highly effective in improving key growth parameters, such as leaf area
index (LAI), leaf area duration (LAD), crop growth rate (CGR), and net assimilation rate (NAR). It
also enhanced agronomic traits, including increased plant height, a higher number of total tillers, and
greater fertile tillers, resulting in substantial yield improvements, with paddy yields reaching 3.61 t
ha™ in 2015 and 3.95 t ha™ in 2016. Seed priming with 1.5% ZnSOs4 promoted early heading and
maturity, improved early growth, and strengthened seedling vigor. Foliar spraying of 1.5% ZnSOa
efficiently corrected zinc deficiencies during critical growth stages by supplying zinc directly to the
leaves, which improved leaf health and photosynthesis, further supporting higher yields. Additionally,
zinc fortification across all methods significantly increased zinc concentration in rice grains while
reducing panicle sterility and improving grain quality. These results underscore the effectiveness of
zinc fortification in enhancing rice growth, yield, and nutritional value, making it a sustainable
strategy for addressing zinc deficiency in rice-based cropping systems.

Introduction

Zinc (Zn) is a vital micronutrient that plays a fundamental role in the growth and development of
plants, including rice (Oryza sativa L.), which serves as a staple food for more than half of the global
population. Zinc deficiency not only hampers plant growth and yield but also compromises the
nutritional quality of grains, thereby affecting human health. Zinc deficiency in humans is a global
concern, particularly in regions where rice is a primary dietary staple. Insufficient dietary zinc intake
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leads to weakened immunity, stunted growth, and increased vulnerability to infections. Addressing
this dual challenge of zinc deficiency in plants and humans requires innovative and sustainable
agricultural interventions.
Rice (Oryza sativa L.) is a staple food crop that sustains a significant proportion of the world's
population, particularly in Asia (Cordero-Lara, 2020; Ghanghas et al. 2022). Ensuring high
productivity and quality of rice is essential to meet the growing food demands and to support global
food security (Mohidem et al. 2022; Rezvi et al. 2023). Rice is predominantly grown in flooded
conditions, which alter the chemical properties of the soil, rendering zinc less available due to the
precipitation of insoluble zinc compounds. Moreover, factors such as high soil pH, low organic matter,
and excessive reliance on chemical fertilizers exacerbate the problem. As a result, zinc deficiency is
widespread in rice-growing regions, leading to yield losses and reduced grain quality.
Agronomic biofortification has emerged as a practical solution to combat zinc deficiency in rice. It
involves applying zinc through soil, seed treatments, or foliar sprays to improve zinc uptake by plants
and enhance its concentration in edible parts. Agronomic biofortification leverages existing farming
practices and resources, making it more accessible and cost-effective for smallholder farmers. This
approach not only improves crop productivity but also contributes to addressing micronutrient
deficiencies in human diets. Common methods include soil application, foliar sprays, and seed
priming, each with its advantages and limitations. The comparative efficacy of these methods can
vary depending on soil properties, environmental conditions, and rice varieties (Khampuang et al.
2021; Zhang et al. 2021). Research indicates that while both soil and foliar Zn applications can
enhance rice performance and grain quality (Shrestha et al. 2020; Islam et al. 2024), their efficacy
varies based on factors like rice variety and soil conditions. Despite the widespread adoption of these
methods individually, there is limited research comparing their relative effectiveness in enhancing
rice growth, yield, and grain zinc concentration. Understanding the comparative performance of these
methods is critical for developing region-specific recommendations for farmers and policymakers.
This study aims to evaluate the impact of soil application, seed priming, and foliar application of zinc
on rice growth, yield, and zinc biofortification. The objectives of this research are:
1. To determine the effectiveness of each method in enhancing plant zinc uptake and grain
concentration.
2. To assess their influence on key agronomic parameters, including growth and yield.
3. To identify the most suitable approach for zinc biofortification in zinc-deficient rice-growing
regions.

Materials and Methods

The experiment was carried out in a farmer’s field located at Tibba Hamid Shah, Tehsil Darya Khan,
District Bhakkar, Punjab, Pakistan, during the 2015 and 2016 cropping seasons. Prior to the
commencement of the experiment, soil samples were collected from multiple locations within the
experimental area at depths of 0~15 cm and 16~30 cm using an auger. The physicochemical properties
of experimental soil are summarized in Table 1. A randomized complete block design was employed.
Treatments included zinc (zinc sulfate = 21%) application as soil application (15 kg ha™'), foliar spray
(1.5%) and seed priming (1.5%). For seed priming, rice seeds were soaked in liters of water with a
1.5% zinc sulfate solution keeping the ratio of seed and water as 1:3. The seeds were soaked for 10
hours, then removed and spread in the shade to dry to their original weight. After drying, the seeds
were packed in bags and taken to the field for nursery planting. Each treatment was replicated four
times, and the net plot size of each treatment was 1.4 x 5 meters. The rice variety used for the
experiment was Basmati-515, a fine rice variety.

Prior to seedling transplanting in field, the land was prepared through two rounds of cultivation,
followed by planking. This was then complemented with irrigation and puddling to ensure optimal
soil conditions. Thirty-day-old seedlings of the fine rice variety Basmati-515 were manually
transplanted on June 25 in 2015 and 2016. The rice seedlings were planted by keeping a row spacing
of 22.5 cm, with two seedlings per hill. Nitrogen (N) phosphorus (P) and potash (K) fertilizers were
applied at rates of 160 kg ha™ 100 kg ha™* and 70 kg ha™, respectively. All P and K was applied as a
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basal dose while nitrogen (N) was applied in split doses: the first dose was applied 15 days after
transplantation, the second dose at 30 days after transplantation, and the third dose at 45 days after
transplantation. Weeds were managed manually throughout the growing season, and no herbicides
were used.

Growth and phenological traits
Growth and phenological characteristics were observed during the study. The number of days taken
to heading was noted from sowing until 50% of the crop had begun heading. Measurements were
taken from three different sites within each plot, and the values were averaged. Similarly, number of
days from heading to maturity was also noted from various sites of each treatment. In rice, tiller
emergence rate significantly influences yield potential by determining the number of productive
tillers, which directly contribute to grain formation. To determine the number of tiller emergence rate,
five tillers from each treatment were tagged. Their emergence was recorded on a weekly basis until
the completion of tillering. Leaf area index (LAI) is very important parameter that directly influences
photosynthesis and determine the capacity of plants to intercept sunlight and convert it into biomass.
The LAI was determined from 45 days after sowing to grain filling by measuring leaf area of three
random samples per plot using a leaf area meter (C1-202, China). LAl was subsequently calculated
following the method described by Hunt (1978).
Leaf area index (LAI) = —=222

Ground area
Similarly, leaf area duration (LAD) was calculated by averaging the leaf area indices (LAI) measured
at two distinct time periods.
LAD = [(LAI1+ LAL) x (t2- t1) %2
Where LAl = Leaf area index at first time, t; = Time of first LAI, LAI, = Leaf area index at final
time, and to = Time of final LAI.
Crop growth rate (CGR) quantifies the rate at which a plant increases its dry matter. It was determined
by measuring the dry weight of plant samples collected at regular intervals from 1 m2 plots every two
weeks starting 45 days after planting. Random plant samples were collected from each plot and their
fresh weight was immediately recorded. Subsequently, these samples were oven-dried at a constant
temperature (e.g., 70°C) to a constant dry weight. Crop growth rate was then calculated using the
formula:
WZ B Wl

t2 - t2

Where W, = plant dry weight at time t;, W» = plant dry weight at time t.. t; = Time of 1% harvest and
t, = Time of 2" harvest.
Net assimilation rate (NAR) quantifies the rate at which a plant accumulates dry matter per unit leaf
area over time. The NAR was determined by following formula (Hunt, 1978).
Net assimilation rate (g m? day*) = TDM / LAD
Where TDM shows total dry matter while LAD represents leaf area duration.

Crop growth rate (g m? day®) =

Plant nutrient analysis

For zinc analysis, plant leaves from each treatment were randomly collected and cleaned with ultra-
pure water upon arrival at the laboratory. The samples were then prepared by digestion following the
method outlined by Jones and Case (1990). The digested samples were analyzed using an atomic
absorption spectrophotometer (model 280FS AA) in accordance with the standard procedure
described by Norhaizan and Ain (2009). To ensure accurate measurement, working standards of zinc
were prepared at concentrations of 0.5, 1.0, 1.5, 2.0, and 2.5 mg L'. These standards were made from
a stock solution of 1000 mg L™ Zn, which was prepared using ZnSO4-7H-O salt diluted with distilled
water. The standards were used to calibrate the atomic absorption spectrophotometer by running them
to generate a calibration curve. Once the calibration curve was established, the prepared plant samples
were analyzed. The zinc concentration in the plant samples was determined by running them on the
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spectrophotometer and recording the readings. The final zinc concentration in the plant samples was
calculated by multiplying the observed sample readings by the dilution factor.

Agronomic and yield related traits

Agronomic and yield traits are crucial for optimizing crop productivity and profitable agriculture.
Plant height was assessed by measuring the vertical distance from the base of the plant to the tip of
the flag leaf. This was done for five main productive tillers selected at random from three locations
within each plot to ensure representativeness. Similarly, number of productive tiller counts were
performed within 1 m? quadrants at three separate sites per plot to obtain accurate data. For number
of branches and grains (unhulled grain) per panicle, 20 panicles from each treatment were randomly
selected, and the number of branches and grains were meticulously recorded to evaluate panicle
structure and productivity. Likewise, the weight of 1000 grains were determined by averaging
measurements from three samples per treatment, providing a reliable estimate of 1000 grains weight.
Total grain and straw yields were calculated based on the harvested material from each plot, with
results expressed in tons per hectare. Yield data were adjusted for moisture content to ensure accuracy
and comparability.

Panicle Fertility and quality traits

To evaluate panicle fertility and quality traits, several measurements and analyses were conducted.
Panicle sterility was assessed by comparing the number of viable paddies to the total number of
paddies in a sample. Sterility percentage was calculated using the formula (Subedi et al. 1997).
Panicle sterility (%) = (a- b) / a x 100

Where “a” is the number of viable kernels and “b” is the total kernel count of panicle.

Normal kernels and chalky kernels were identified by their translucency and typical starch
compaction. Kernels that passed light through and showed the characteristics were classified as
normal. Both normal and chalky kernels were counted from random samples of the bulk yield
collected from each replication plot. Kernel protein content was measured using the Micro-Kjeldahl
method, which involved the digestion of the kernels, followed by ammonia distillation. The nitrogen
concentration was determined through ten chlorimetric ammonia assays of the digest. The protein
content was calculated by multiplying the nitrogen concentration by a factor of 5.95. Kernel
dimensions, including length and width, were measured using a digital caliper.

Results

The application of zinc (Zn) significantly influenced rice growth and development. Zn seed priming
led to earlier heading and maturity compared to foliar spray and soil-applied Zn at 15 kg ha™'. Across
both years, seed priming consistently resulted in the shortest durations for heading and maturity,
demonstrating its effectiveness in accelerating crop development. Regarding growth parameters, soil-
applied Zn at 15 kg ha™' achieved the highest leaf area index (LAI), with values of 9.0 in 2015 and
9.4in 2016. While foliar Zn and Zn seed priming also improved LAI, their effects were slightly lower
than soil-applied Zn. Similarly, soil-applied Zn extended the leaf area duration (LAD), reaching 293
days in 2015 and 292 days in 2016, outperforming foliar Zn and Zn seed priming, which resulted in
shorter durations. These findings highlight the critical role of zinc application methods in enhancing
rice growth and development, with soil-applied Zn delivering the most pronounced benefits in LAI
and LAD, while Zn seed priming showed promise for improving early growth and crop maturity.
The results of zinc (Zn) application methods revealed significant improvements in rice growth, yield,
and quality. Soil-applied Zn at 15 kg ha™ consistently demonstrated superior performance across
various parameters. It resulted in the highest crop growth rate (CGR) values of 29.4 and 29.9 g m2
day'in 2015 and 2016, respectively, and also achieved the highest net assimilation rate (NAR) values
of 7.7 and 7.6 g m 2 day ! during the same years. Additionally, soil-applied Zn significantly enhanced
plant height, measuring 118.5 cm in 2015 and 120.4 cm in 2016, and produced the greatest total tiller
counts of 625 and 630, along with the highest number of fertile tillers, 525 and 529, in 2015 and 2016,
respectively.
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Zn seed priming and foliar application also improved growth and yield parameters but were
comparatively less effective. Zn seed priming promoted earlier heading and maturity, while soil-
applied Zn led to the highest yield improvements. Paddy yields reached 3.40 t ha™ in 2015 and 3.60
t ha™' in 2016 with soil-applied Zn, outperforming other methods. In terms of grain quality, the basal
application of 15 kg Zn ha™ resulted in the lowest panicle sterility rates and the highest protein
content, achieving 7.79% in 2015 and 7.77% in 2016. This method also significantly increased zinc
concentration in rice leaves and grains, with leaf Zn levels reaching 37.42 mg kg™' and 37.46 mg kg™
in 2015 and 2016, respectively. Foliar Zn application resulted in moderate improvements, while Zn
seed priming showed the lowest impact on leaf Zn concentrations.

Overall, soil-applied Zn proved to be the most effective method for enhancing growth, yield, and zinc
nutritional quality in rice, followed by foliar spray and seed priming. These findings highlight the
critical role of zinc fortification in improving rice productivity and nutritional outcomes.

Discussion

The findings of this study highlight the critical role of zinc (Zn) application in enhancing the growth,
yield, and quality of fine rice cultivars. Zinc, an essential micronutrient, is involved in various
metabolic processes, including enzyme activation, protein synthesis, and photosynthesis. Adequate
zinc availability supports improved plant health, productivity, and grain quality, as documented in
previous studies (Sharma et al., 1990; Broadley et al., 2007). The basal application of ZnSOa4 at 15 kg
ha™! emerged as the most effective method for improving key agronomic traits such as plant height,
tiller numbers, and yield components. It enhanced critical growth parameters, including leaf area
index (LAI), crop growth rate (CGR), and net assimilation rate (NAR), resulting in higher biomass
accumulation and improved overall plant performance. Soil-applied Zn supports extensive root
development, facilitating better nutrient and water uptake, which in turn promotes increased
photosynthetic activity (Ghoneim, 2016; Cheema et al., 2006).

Additionally, soil-applied Zn significantly improved grain quality traits, including higher protein
content and reduced panicle sterility. These improvements are consistent with findings by Sharma et
al. (1990) and Broadley et al. (2007), who reported enhanced grain quality and nutritional value with
adequate zinc fertilization. The steady supply of Zn throughout the crop’s growth cycle makes soil
application particularly effective for addressing both agronomic and nutritional challenges.

Foliar application of ZnSOa proved beneficial for correcting zinc deficiencies during critical growth
stages by delivering the nutrient directly to the leaves. This method bypasses soil-related challenges
such as zinc fixation or unavailability. However, its impact on growth and yield was comparatively
lower than that of soil application, as foliar-applied zinc tends to have a more immediate but short-
lived effect. Despite its limitations, foliar spraying is valuable as a supplementary approach to address
acute zinc deficiencies or provide additional nutrients during critical growth phases. Similar
observations have been made in studies that emphasize the importance of timing and application
technique for optimizing the benefits of foliar-applied zinc (Sadana & Takkar, 1985; Davis-Carter et
al., 1991).

Seed priming with ZnSO. demonstrated its effectiveness in enhancing early seedling vigor and
promoting faster germination. This method allows seeds to absorb zinc directly during the priming
process, ensuring sufficient nutrient availability during the early stages of growth. The quicker
heading and maturity observed with seed priming align with findings from Amanullah et al. (2009)
and Azeem et al. (2018). However, its effects on later growth parameters, such as LAI, CGR, and
NAR, were less pronounced compared to soil-applied zinc.

Seed priming is an economical intervention, particularly suitable for resource-constrained farmers, as
it requires lower input quantities while ensuring improved seedling establishment.

Zinc application methods significantly influenced grain quality traits. The basal application of ZnSOa
resulted in higher protein content and normal kernel percentages while reducing panicle sterility.
These results are consistent with earlier studies that highlighted the role of zinc in improving grain
nutritional quality and reducing sterility (Ghoneim, 2016; Sharma et al., 1990). Moreover, soil-applied
Zn was associated with the highest zinc concentration in leaves and grains, demonstrating its efficacy

Vol.31 No. 06 (2024) JPTCP (3577-3587) Page | 3581


https://jptcp.com/index.php/jptcp/issue/view/79

Agronomic Approaches for Zinc Biofortification in Rice: Evaluating Soil, Seed, and Foliar Methods

in enhancing the crop's nutritional value. This reflects the potential of zinc fertilization to address zinc
deficiencies in both soils and diets, contributing to human nutrition and public health, as emphasized
by Broadley et al. (2007).

Conclusion

The results of this study underscore the critical role of zinc sulfate application in enhancing rice
growth, yield, and grain quality. Soil-applied ZnSO4 proved to be the most effective method for
sustained nutrient supply and improved agronomic performance, while seed priming and foliar sprays
provided targeted benefits at specific growth stages. These findings align with earlier research and
provide valuable insights for developing sustainable rice cultivation practices that address zinc
deficiency in agricultural systems and human diets.
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Table 1. Physicochemical analysis of experimental soil of Tibba Hamid Shah

Characteristics Unit Value
Texture Sandy loam
pH 8.2
EC dSm? 0.28
Organic matter % 0.85
Nitrogen (N) % 0.045
Phosphorus (P) ppm 8
Potassium (K) ppm 109
Zinc (Zn) ppm 0.4
Table 2: Effect of Zn application methods on number of days taken to heading, maturity and leaf
area index
Parameters 2015 2016
Days Days LAI Days Days LAI
taken to | from taken to | from
heading heading heading | heading
(days) to (days) to
maturity maturity
(days) (days)
ZnS0s @ 15kgha*mixed | 1005 0 370,  |90a |1098a |37.9a |94a
with soil
Seed priming with ZnSO04 | 10y 34 | 350¢  |84b  |1042¢ |361c |86b
(1.5%)
Foliar spray of ZnSO4
(1.5%) at tillering stage 105.3b 36.0b 8.3b 106.1b |36.6Db 85b
S0 At 005 probability | ; ¢, 0.52 045 |052  |040 o013
evel
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Table 3: Effect of Zn application methods on leaf area duration, crop growth rate (CGR) and net
assimilation rate (NAR)

Parameters 2015 2016
LAD CGR (g| NAR (g|LAD CGR (g|NAR (g
(days) m2day?) | m? day | (days) m2 day | m? day
D) D) D)
ZnSOs @ 15 kg ha™ mixed | ,q5 288a |77a |292a |203a |02
with soil
Seed priming with ZnSOq | 554, 276b | 7.3b 288b  |278b | 3P
(1.5%)
Foliar spray of ZnSO 6.9¢c
(15%) atpti”iring stage ‘| 285¢ 27.1¢ 7.0¢ 286¢c | 27.3¢
LSD at 0.05 probability | ; ,q 0.40 0.13 1.47 0.43 0.17

level

Table 4: Effect of Zn application methods on plant height, number of tillers and number of fertile

level

tillers
Parameters 2015 2016
Plant Number Number | Plant Number | Number
height of tillers | of fertile | height of tillers | of fertile
(cm) (m?) tillers (cm) (m?) tillers
(m?) (m?)
ZnS0s @ 15kgha mixed | 11050 o5, |sp5a | 12042 g30a | 5294
with soil '
Seed priming with ZnSO4 113.7b 595 b 508 b 1151 b 605 b 511 b
(1.5%) '
Foliar spray of ZnSOs 108.1c
(15%) atpti”iring stage || 100.9¢ | 579¢ 487 ¢ 584c | 488c
LSD at 0.05 probability | ; 55 12 6.90 121 10 7.60

Table 5: Effect of Zn application methods on branches per panicle, kernels per panicle and 1000-

grain weight
Parameters 2015 2016
Branches | Kernels 1000- Branches | Kernels | 1000-
per per grains per per grains
panicle weight panicle weight
)] @)
ZnSOs @ 15 kg ha® mixed | 12.5a 80.4 a 16.5 12.6a 79.8a 16.4
with soil
Seed priming with ZnSO4 | 11.5b 75.9b 16.4 115b 748 ¢ 16.3
(1.5%)
Foliar spray of 2ZnSO4 | 11.2c 76.7b 16.5 11.0c 755D 16.3
(1.5%) at tillering stage
LSD at 0.05 probability | 5 0.80 Nis 0.20 0.86 Nis
level
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Table 6: Effect of Zn application methods on panicle sterility, normal kernel and kernel yield

Parameters 2015 2016
Panicle Normal Kernel Panicle Normal Kernel
sterility kernel yield (t | sterility | kernel yield (t
(%) (%) ha) (%) (%) ha)
ZnSO4 @ 15 kg ha* mixed 2334 66.9 2 3.40 a 23 6724 3.60a
with soil ' ' ' ' '
Seed priming with ZnSO4 3.20b
(1.5%) 71b 65.8b 3.20b 7.4 66.0b
Foliar spray of ZnSO4 3.00c
(1.5%) at tillering stage 73a 66.9 a 290 ¢c 7.4 67.1a
:-SDI at 0.05 probability |, 0.25 0.13 Ns 0.30 0.12
eve

Table 7: Effect of Zn application methods on protein, carbohydrate and grain zinc content

Parameters 2015 2016
Protein | Carbohydrates | Grains  Zn | Protein | Carbohydrates | Grains  Zn
content | (%) concentration | content | (%) concentration
(%) (mg/kg) (%) (mg/kg)
ZnSOs @ 15
kg ha! mixed | 7.79a |79.20 a 37.42 a 7.77a |79.10a 37.46 a
with soil
Seed priming
with ZnSO,; | 7.46b |78.16b 25.42c 7.35b | 78.35b 25.45¢
(1.5%)
Foliar spray
of ZnS04
(1.5%) at 750b |78.20b 30.20b 7.35¢c |78.32b 29.85b
tillering stage
LSD at 0.05
probability 0.14 0.45 0.47 0.20 0.49 0.43
level
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