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Abstract

Iron and zinc deficiencies are the major global public health challenges, in rice-dependent regions. The
nutritional intakes fall short of the Recommended Dietary Allowances due to deficiencies in two important
micronutrients, leading to low productivity, widespread malnutrition, impaired cognitive development, and
weakened immunity. Rice is a staple food for most of the Asian continent, but conventional practice like the
transplanted method leads to higher environmental pollution. Hence, direct-seeded rice is a more sustainable
alternative. Bio-fortification of rice offers a sustainable and cost-effective strategy to enhance grain
micronutrient quantity and improve nutritional security among people with limited access to diverse foods.
Among the various bio-fortification pathways, agronomic bio-fortification has emerged as a practical
approach that can be readily integrated into the prevailing production systems. This review highlights about
nutri-priming which enhances early seedling vigour and micronutrient uptake, soil fertilisation which helps in
creating baseline nutrient reserves, foliar application which is essential for guarantee micronutrient delivery at
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critical growth stages and microbial inoculants, such as iron and zinc solubilizing bacteria to improve
micronutrient availability through biochemical transformation. Optimization of the agronomic bio-
fortification protocols along with their integration with the recommended dose of fertilizers can substantially
contribute to reducing micronutrient deficiency and achieving long-term nutritional resilience.

Keywords: Bio-fortification; Nutri-priming; direct-seeded rice; microbe-mediated enhancement,; foliar
application, iron deficiency, zinc deficiency.

1. Introduction

Human civilization has long been confronted with hunger and disease, rendering the provision of adequate
nutrition and the prevention of malnutrition-related disorders an enduring global challenge (Magazine 2020).
Nutrition is the basic form of living organisms which can be obtained by consuming food for their nourishment
and sustenance (Sharma et al. 2020). Food constitutes the primary source of a wide range of nutrients essential
for the proper functioning of the human body. Repeated neglect in making appropriate dietary choices may lead
to various nutritional health disorders. Micronutrients are vitamins and minerals required by the human body in
minute quantities, typically measured in milligrams (mg) or micrograms (ug) per day (Singh & Prasad 2023).
Plants rely on iron (Fe) and zinc (Zn) to support key cellular functions involved in metabolism and overall
physiology. Their unpaired electrons allow these transition metals to easily engage in redox reactions (Pierre &
Fontecave 1999). Fe plays a vital role in chlorophyll formation, nitrogen fixation, DNA replication,
detoxification of reactive oxygen species (ROS) and electron transport chains of mitochondria and chloroplasts
(Nouet et al. 2011; Yruela 2013). Similar to Fe, Zn a divalent cation participates in numerous cellular activities
and pathways (Ishimaru et al. 2011). Zn plays a major role in the metabolic processes of proteins, nucleic acids,
carbohydrates and lipids (Rhodes & Klug 1993). Zinc-containing metalloenzymes catalyze the rapid
interconversion of CO2 and H20 into bicarbonate (HCOs") ions (Yruela 2013). According to the National
Academies of Sciences, Engineering and Medicine, the Recommended Dietary Allowance (RDA) for iron is 8
mg day - for adult men and 18 mg day™! for adult women who are neither pregnant nor post-menopausal, for
zinc the RDA is 15 mg day™! for adult men and 12 mg day™! for adult women. Nutritional anaemia, mostly iron
deficiency, is widespread among developing countries (Gregorio et al. 1999). In general, iron (Fe) deficiency
and anaemia exert substantial adverse effects on human health and development, including reduced cognitive
performance during childhood and compromised immune function (Gregorio et al. 1999). The era of the “Green
Revolution” was primarily directed towards enhancing staple cereal production, namely rice, wheat and maize,
in order to satisfy the energy demands of a rapidly expanding global population. Nevertheless, the introduction
of high-yielding crop varieties was subsequently associated with the emergence of micronutrient deficiencies in
numerous regions worldwide (Jan et al. 2020). Iron chlorosis represents a multifaceted nutrient deficiency
disorder (Liesch, 2011). Attempts to mitigate or rectify iron deficiency through soil-based management
strategies have, in general, yielded only limited effectiveness (Hagstrom, 1984). One adaptive mechanism
employed by plants to alleviate iron chlorosis involves the exudation of hydrogen ions (H") or organic acid
anions through the root membrane (Romheld 1987; Bhardwaj et al., 2022; Duarte et al., 2022).

India has one of the increasing rates of Zn deficiencies in soils from 49 to 63% by 2025 as most of the marginal
soils brought under cultivation show Zn deficiency which affects the diet of people (Mishra et al. 2025; IZA
2014). Globally, more than 30% of soils are low in plant-available Zn (Welch, 2002), with a very small
proportion of the total zinc being available in soil solution (Alloway 2008). Nearly 50% of the cereal-grown
areas in the world have soils with low plant available Zn, its concentrations reported are too low to meet daily
human requirement, especially for those consuming a high proportion of cereal-based diets (Cakmak 2002).
Zinc deficiencies and related abnormalities (Table 1) are commonly observed among individuals consuming
diets rich in strong chelators, high in cereal-based phytates, and low in protein content (Brown et al. 2001,
Tapiero & Tew 2003). The major soil factors that reduce zinc availability to plants include low total Zn content,
high soil pH and elevated levels of calcite and organic matter. Additionally, high concentrations of sodium (Na),
calcium (Ca), magnesium (Mg), bicarbonate, and phosphate in the soil solution or in their labile forms further
limit the availability of Zn to plant roots (Alloway 2009). Transient rise in bicarbonate concentration and
organic acids in the soil solution after soil submergence can induce temporary zinc deficiency in plants (Forno et
al. 1975. As an essential micronutrient for physiological functions and immune defence, zinc supplementation
has shown strong and consistent effects in reducing the incidence and severity of infectious diseases, thereby
contributing to a significant reduction in child mortality, including a decrease in pneumonia incidence by about
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19% and reductions in deaths due to diarrhoea and pneumonia by 13% and 20%, respectively (Black, 2003;
Penny 2013).

This manuscript addresses the dual challenge of climate-resilient rice cultivation and micronutrient malnutrition,
particularly iron and zinc deficiencies in rice-dependent populations. The review provides a comprehensive
overview of agronomic bio-fortification strategies, including nutripriming, soil and foliar fertilization, and
microbial approaches, for sustainable rice production under changing climatic conditions. It also highlights the
importance of direct-seeded rice as an environmentally sustainable alternative to conventional transplanted
systems due to its lower water requirement and reduced methane emissions. The information compiled in this
review may serve as a valuable resource for researchers, agronomists, nutritionists, and policymakers working
toward sustainable crop production, nutritional security, and climate-smart agriculture.

1.1 Literature Search Strategy

{ Identification of Research Problem ’ Iron and Zinc Deficiencies in Rice-Based Diets

‘ Need for Climate-Resilient Rice Cultivation
[ Literature Collection }— Databases searched in Google scholar, Scopus, Web of
science and Science Direct

\ 4

Type of Literature collected \ Research articles, Review Papers, Book chapters,
‘ Scientific Reports

[ Time period Considered ]

4

‘ Screening and selection of Relevant
studies

Foundational Literature and Recent studies (2020-2025)

‘ Critical Analysis and Synthesis W

L 4

‘ Preparation of Review Manuscript W

Fig. 1. Literature Search Strategy

Table 1. Adverse effects of zinc deficiency

Disease Effect of zinc deficiency References
Inflammatory bowel Influences multiple signaling and cellular Gilca-Blanariu et al. 2018
syndrome pathways involved in oxidative stress and alters
gut microbiota composition.
Hypogonadal dwarf Growth retardation, hypogonadism accompanied  Jurowski et al. (2014)
syndrome by dysosmia and dysgeusia, anemia, and impaired
wound healing.
Celiac disease Decreased growth rate and anorexia, accompanied Fathi et al. 2013; Altuntas et al.
by reduced serum zinc concentration. Insoluble 2000
zinc complexes are lost through binding with
phosphate and fat.
Cardiovascular Arterial hypertension, atherosclerosis, and sudden Tomat et al. 2011; Tubek 2007;
death due to heart attack or heart failure have been Little et al. 2010; and Cohen
associated with zinc deficiency. In children, and Golik 2006

extremely low serum zinc levels may lead to

85



Aarthi et al.; Int. J. Plant Soil Sci., vol. 38, no. 6, pp. 83-101, 2026, Article no.lJPSS.159299

Disease Effect of zinc deficiency References
congestive heart failure. This condition is linked
to zinc deficiency resulting from reduced dietary
intake, decreased absorption, impaired intestinal
motility, enhanced zinc loss, and excessive urinary
excretion.
Renal disease Zinc status influences renal function, and severe ~ Bao et al. 2010
deficiency reduces renal blood flow and
glomerular filtration rate, whereas hypozincaemia
increases urinary zinc excretion.
Wilson’s disease It is an autosomal recessive inherited inborn Corona et al. (2010)
disorder caused by abnormal hepatic handling of
copper and is characterized by neuropsychiatric
symptoms.

2. Rice Bio-fortification

The global population continues to rise, accompanied by a corresponding increase in food demand.
Consequently, agricultural production is projected to require an increase of approximately 70% in order to meet
global food requirements by 2050 (Muthayya et al. 2014).

Rice (Oryza sativa L.) production is a key to world food security as rice constitutes principal staple food for
>50% of world population (Dass et al. 2015). Future horizontal expansion of rice area is restricted by the on-
going reduction in cultivable land. Thus enhancing productivity becomes essential to meet future increases in
rice production. Key constraints to enhancing production are shortages of water and labour, escalating wage
rates and input costs, progressive soil and environmental degradation. The predominant lowland rice cultivation
system in Asia involves transplanting seedlings into fields that are maintained under continuous flooding,
typically with a water depth of 5-10 cm throughout the growing season. Land preparation generally includes
soaking, ploughing, and puddling—defined as repeated harrowing under saturated conditions until a soft, muddy
soil layer of approximately 10—15 cm is formed (Bouman & Tuong 2001).Submerged rice cultivation induces a
cascade of physical, chemical, and microbiological changes in the soil that profoundly influence nutrient
availability and uptake, while prolonged flooding also promotes degeneration of rice root systems, reducing the
effective feeding zone, restricting optimal crop growth, and increasing the risk of lodging and plant mortality
after water recession (Ghildyal 1978 ; Chaturvedi et al. 1995).

3. Climate Impact of Conventional Rice Transplanting

Historical records indicate that over the past 250 years, atmospheric CO2, CHa, and N2O concentrations have
increased by 30%, 145%, and 15%, respectively, contributing significantly to global warming (Mosier 1998).
Human-induced climate change intensified markedly in 2024, which is likely the first calendar year to record a
global mean near-surface temperature more than 1.5°C above the pre-industrial baseline. The average
temperature reached 1.55 + 0.13°C above the 1850—1900 mean, making 2024 the warmest year in the entire
175-year observational record (WMO 2024). Globally, puddled rice soils are a major source of methane (CH4)
emissions, contributing nearly 30% of the total methane released worldwide (Karthik et al. 2025). CHs
emissions from paddy fields constitute a major source of greenhouse gases and significantly contribute to
climate change (Roy et al. 2025). Anaerobic decomposition of organic matter in flooded rice fields leads to the
production of methane (CHa4), which is released into the atmosphere mainly through diffusive transport via rice
plants throughout the growing season (Fig. 1). Jia et al. (2001) reported that methane emissions were
consistently higher in planted than in unplanted soils, with the tillering stage showing the greatest flux, as rice
plants acted as the primary conduit for CHa release accounting for nearly 90-95% of total emissions while lower
rhizospheric oxidation at tillering compared to panicle initiation further contributed to the elevated emissions, a
portion of methane dissolves in soil water and can leach into groundwater, therefore, a reduction in soil CHa
concentration does not necessarily indicate that all of it was emitted to the atmosphere. Continuous flooding in
paddy fields results in lower N2O emissions but leads to higher CHa emissions (Wang et al. 2017).
Consequently, the flooding of rice fields restricts the diffusion of atmospheric oxygen into the rhizosphere,
leading to anaerobic decomposition processes and the emission of methane (CH4) from submerged soils to the
atmosphere via the aerenchymatous tissues of rice plants (Susilawati et al. 2019). Table 2 and Fig. 2. provide
insights into the CH4 emissions associated with different rice varieties.
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Fig. 2. Methane emission from rice field
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Table 2. Cultivars and total methane emission in kg ha™!

Plant cultivars CH4 Emission kg ha™! References
BRRI dhan 92 184.5 Islam et al. 2025
Longjing 20 457.5 Qietal. 2024
YX 203 470.7 Zhang et al. 2024
Ciherang 56.4 Yang et al. 2022
Pusa Basmati 26.31 Mitra et al. 1999
Pusa 1019 26.97 Mitra et al. 1999

4. Alternate option for Transplanted rice

The need to adopt economically viable and water management strategies that maximize water-use efficiency is
increasingly evident under present rice production systems (Das et al. 2014). Direct seeded rice (DSR) is one of
the options to reduce CH4 emission because it uses less water during initial cropping. Direct-seeded rice can be
established using three primary approaches: wet seeding, dry seeding and water seeding (Banik et al. 2020). Wet
seeding (Wet-DSR) is typically used where labour is scarce and is prevalent in Malaysia, Thailand, Vietnam, the
Philippines, and Sri Lanka (Pandey & Velasco 2002; Weerakoon et al. 2011). Dry seeding (Dry-DSR), on the
other hand, is better suited to water-limited areas, particularly rainfed uplands in several Asian nations.
Micronutrient deficiencies in cereal crops, particularly rice, arising from the depletion of soil micronutrient
reserves, have become a significant concern, contributing to malnutrition and a range of associated disorders,
especially in developing countries (Aarthi et al. 2025). Moreover, the rice endosperm—the starchy and most
widely consumed portion of the grain—is inherently limited in several essential nutrients, including vitamins,
proteins, and micronutrients (Birla et al. 2017).Sona Masoori is a highly cultivated rice variety in India,
particularly in the states of Telangana and Andhra pradesh, known locally as Bangaru theegalu. Its Fe and Zn
content is relatively low in polished form, with polished rice containing an average of about 2 mg kg™! of iron
and 16-17 mg kg! of zinc, while unpolished (brown) rice contains significantly more iron and zinc content
(Maganti et al. 2020). As rice crop is major constituent of staple diet and calorific intake of more than half of
humanity, lower Zn content in rice grains results in severe Zn malnutrition (Yogi et al. 2023). Increased
cropping intensity and accompanying changes in the soil and fertilizer management options have changed the
iron status and availability, especially in the Indo-Gangetic plains of India where on large areas rice-wheat
cropping system is being practiced (Kumar et al. 2018).

Rice endosperm, embryo and bran contain 32%, 13% and 55% of Fe respectively and they also contain 57%,
9% and 34% of Zn respectively. During de-hulling, polishing and cooking about 20.7%, 17.05% and 36.61% Zn
loss occurs (Jena et al. 2018). Zn deficiency affects rice most severely during the seedling stage, following
transplanting, when plant mortality may occur (Nanda & Wissuwa 2016). Under rainfed upland conditions rice
crop often suffers from iron deficiency during the seedling stage due to aerobic conditions, which favours the
oxidation of Fe?" (Ferrous) to Fe** (Ferric) (Brown, 1961).

5. Strategies for Alleviating Zinc and Iron Deficiencies

Developing effective strategies to alleviate Fe and Zn deficiencies is critical for ensuring both food security and
nutritional quality (Fig. 3).

A. Change of Diet: It is essential that individuals are aware of the importance of a diversified diet and
avoid restricting their food intake to a limited range of staple crops, as such dietary practices may result
in various forms of malnutrition and adversely affect both biochemical and physiological processes (Jena
et al. 2018).

B. Supplementation: A range of packaged food products enriched with micronutrients such as iron (Fe),
zince (Zn), and iodine is now available in the market to supplement human diets; however, these products
are relatively expensive and are therefore seldom accessible to populations from economically
disadvantaged backgrounds (Jena et al. 2018).

C. Bio-fortification: This approach refers to the nutrient enrichment of commonly consumed food crops by
the population (Jena et al. 2018). Ferti-fortification, a term introduced by Prasad (2009), denotes the
application of micronutrient fertilisers to crops in order to enhance their nutritional composition.

D. Fortification: Nutrients are added to the foods as they are being processed (Nestel et al. 2006).
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Fig. 3. Seasonal global warming potential (GWP) of 20 rice varieties under continuous flooding and
alternate wetting and drying based on aggregated emissions of CHs4 (GWPcns=28) and N20 (GWPx20
=265) (Vo et al. 2024)

6. Ways to Improve Micronutrient Levels through Bio-fortification

Dietary diversity

Fig. 4. Strategies for getting micronutrients into the body system
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Micronutrient deficiencies, particularly of iron and zinc, affect billions of people worldwide and are largely
attributed to low micronutrient content in staple cereal crops. Bio-fortification seeks to address this issue by
enhancing the concentration and bioavailability of essential micronutrients in the edible parts of crops. This can
be achieved through agronomic, genetic interventions (Fig. 4).

Nutripriming: The nutrient seed priming technique involves soaking seeds in macro or micronutrient solutions
(Farooq et al. 2012). Seed priming has been widely employed to improve germination performance, promote
root system development, enhance seedling establishment, and ultimately increase yield (Farooq et al. 2019).
However, priming may adversely affect seed longevity, thereby necessitating optimal storage conditions or the
prompt use or sowing of treated seeds (Murphy 2017).

Soil application: Soil application of micronutrients helps in replenishing the micronutrients in the soil on which
a crop or plant is grown. This is a conventionally used technique. Soil application is the most common method
of micronutrient application to crops, it has mostly been tested for crop productivity improvement rather than
bio-fortification (Martens & Westermann, 1991).

Foliar application: Application of a micronutrient containing mineral fertilizer to plant leaves to improve the
micronutrient quality of the edible portion of food crops is called foliar application (Jan et al. 2020). Compared
with soil application, foliar application ensures lower micronutrient losses and delivers nutrients straight into
plant tissues for quicker absorption (Johnson et al. 2005). Foliar application at a later stage is more beneficial for
grain bio-fortification than foliar application at the early vegetative stages (Yilmaz et al. 1997).

7. Foliar Iron Transport Mechanism (Malhotra et al. 2020)

After foliar application, iron initially encounters the leaf cuticle, which represents the primary barrier to entry.
Penetration occurs mainly through hydrophilic pores, microcracks, and to a lesser extent, through stomata when
they are open. The chemical form of iron strongly influences this process, with chelated and soluble iron sources
facilitating greater penetration compared to poorly soluble inorganic forms. This is because Chelated and
soluble iron sources enhance foliar penetration by maintaining iron in a dissolved and chemically stable form,
preventing surface precipitation and oxidation, and facilitating diffusion through hydrophilic cuticular pores,
whereas poorly soluble inorganic iron rapidly precipitates on the leaf surface, limiting its availability for internal
uptake. Once iron enters the leaf, it moves through the apoplast, where its mobility is constrained by the low
solubility of ferric iron (Fe’*), necessitating stabilization through complexation with organic ligands such as
citrate, malate or synthetic chelators. A critical step in foliar iron utilization is the reduction of Fe*" to the
physiologically active ferrous form (Fe**) by plasma membrane localized ferric chelate reductases, which
enables subsequent uptake into mesophyll cells via iron-regulated transporters belonging to the ZIP and IRT
families. Following cellular entry, iron is tightly regulated to prevent oxidative damage and is transiently bound
to chelators such as nicotianamine (NA) or sequestered in ferritin for safe storage. Intracellular trafficking
directs iron to organelles with high metabolic demand, particularly chloroplasts and mitochondria, where
specialized transporters facilitate iron import to support essential processes including chlorophyll biosynthesis,
photosynthetic electron transport, respiration and redox metabolism.

From Fig. 5. we can understand that Fe*? enters into vacuole through VIT1 (vacuolar iron transport) transporter.
Within the vacuole, iron may be chelated by ferritin or phytate and sequestered as complexes within vacuolar
globoids. Members of the NRAMP (natural resistance-associated macrophage protein) family facilitate the
mobilisation of iron from stored pools and its export from the vacuole. The YSL (yellow stripe-like) transporters
perform a dual function, mediating both the uptake and efflux of vacuolar iron.

In chloroplasts, iron is imported in the ferric (Fe**) form via an as-yet unidentified transporter. Ferric-chelate
reductase oxidase (FRO), localised on the inner envelope membrane, reduces Fe** to Fe?*, which is subsequently
transported into the stroma by carriers such as PIC (permease in chloroplast), the NiCo (nickel—cobalt
transporter) family, NAP14 (non-intrinsic ABC transporter protein), MAR1 (multiple antibiotic resistance
protein 1), and MFL (mitoferrin-like) transporters. The FDR3 (iron deficiency-related 3) protein, localised in the
stroma or thylakoid lumen, is implicated in iron delivery to thylakoids. Ferritin also serves as a principal iron
storage protein within chloroplasts.
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Fig. 5. Conventional and advanced bio-fortification techniques used in crop production and improvement
programs

In mitochondria, iron uptake across the outer membrane is mediated by an unidentified transporter, followed by
transport into the inner mitochondrial membrane via the mitochondrial iron transporter (MIT), subsequent to
reduction by FRO localised on the inner membrane. Within the organelle, iron is either stored as ferritin-bound
iron or utilised for the biosynthesis of iron—sulphur (Fe—S) clusters in association with frataxin (FH). Iron efflux
from mitochondria to the cytosol occurs via ATM or MIE (mitochondrial ATP-binding cassette transporters or
mitochondrial iron exporters), enabling export across the outer mitochondrial membrane.

8. Microbe Mediated Bio-Fortification

Bio-fertilisers comprise microbial inoculant formulations containing microorganisms that enhance host plant
growth and productivity (Sahoo et al., 2013). They are advantageous owing to their low cost, ease of production,
sustainability in agricultural systems, and wide availability. These microorganisms contribute to improved
nutrient supply and bioavailability, thereby augmenting the overall nutrient content accessible to plants
(Bhardwaj et al., 2014).

9. Agronomic Interventions for Bio-Fortification

The major agronomic approaches to bio-fortification include ferti-fortification, tillage practices, and the use of
plant growth promoting rhizobacteria (PGPR).

Abhishek (2023) highlighted that nutripriming of direct seeded rice with 0.5% zinc and iron sulphate plus foliar
application of 0.5% iron and zinc sulphate along with recommended dose of fertilizer have recorded higher iron
(215 mg kg!) and zinc content (39 mg kg') in grain of rice. Sharanappa et al. (2023) demonstrated soil
application of ZnSOs @ 15 kg ha! and FeSO4 @ 10 kg ha™! + foliar application of 0.5% ZnSO4 and FeSOy4 at 30
and 45 DAS recorded significantly higher zinc (692.30 g ha™') and iron (2797.5 g ha'') uptake by plant.
Similarly, Yogi et al. (2023) demonstrated that foliar application of 0.5% Zn at panicle initiation and peak
flowering was an effective strategy for improving grain Zn bio-fortification, recording 37.9 mg kg™ zinc in
grain, which was 29% higher than the control. Accumulation and bioavailability of iron in rice grains via
agronomic interventions was studied by Zulfigar et al. (2021) and concluded that highest grain Fe concentration
was achieved through foliar-applied Fe (0.3% Fe solution) and it was 37% over control Kirttiranjan (2019)
performed an experimental work on effect of zinc oxide nanoparticles embedded NPK fertilizer on zinc
concentration and uptake of aromatic rice (Oryza sativa) and concluded 100% NPK + 7.5 g ZnO Nps ha! (33
mg kg!) and 75% NPK + 7.5 g ZnO Nps ha! (32.47 mg kg!) recorded at par Zn concentration in grain and
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highest Zn concentration in straw was recorded with application of 100% NPK + 7.5 g ZnO Nps/ha (61.47 mg
kg).

Application of ZnSO4 @ 25 kg ha™! as basal + foliar spray @ 0.5 % at tillering, panicle initiation and milk stage
revealed significantly highest Zn content in grain (35.09 mg kg™') and brown rice (28.31mg kg™') Barua and
Saikia (2018).According to Kumar et al. (2018) Zn fertilization schedule consisting of 6 kg Zn ha™' as a basal
application followed by a foliar application of 6 kg Zn ha™ resulted in higher K uptake by the grain (31.63 mg
kg!) and straw (54.25 mg kg!). Zinc application on the productivity and bio-fortification of fine-grain aromatic
rice has been demonstrated across contrasting production systems and locations: at Faisalabad, foliar application
consistently produced the highest or statistically similar grain Zn concentrations over two years in both dry-
seeded and puddled transplanted systems, in contrast at Sialkot soil-applied zinc proved more effective,
resulting in the highest or equal highest grain Zn concentrations across years and production systems Farooq et
al. (2018). Highest zinc content (~ 36 mg kg!) and uptake (0.145 kg ha’!) in grain were recorded with
application of 0.3% ZnSOs at dough stage, followed by 0.3% ZnSO; at early milking stage (Meena et al. 2018).
When zinc is applied as basal application @ 4.5 kg Zn ha™! + foliar application twice at maximum tillering and
flowering @ 0.25% aqueous solution each of ZnSO4-7H,0 (1320 1 ha'") highest zinc in cooked rice (18.2 mg kg"
1 and bioavailability Zn (mg) in 300 g cooked rice (2.1) was recorded (Saha et al. 2017). Basal soil application
of RDF + FYM 10 t ha! + ZnSO4 50 kg ha! resulted in higher uptake of zinc (399.5 g ha!) and it was on-par
with RDF + urban compost 10 t ha™! + ZnSQO4 50 kg ha! as basal (SA) , RDF + FYM @ 10 t ha'! + foliar
application of ZnSO4 0.5% at 20 and 40 DAS and RDF + urban compost 10 t ha! + Foliar application of ZnSO4
0.5 % at 20 and 40 DAS (Jayasankar et al. 2017). Rakesh et al. (2017), working with aerobic rice, reported that
iron uptake increased progressively from active tillering to harvest across all treatments.

The highest Fe uptake 30.9 g ha™! at active tillering, and 15.6 g ha! and 27 g ha™! in grain and straw at harvest,
respectively was achieved with the application of 180:90:60 kg NPK along with 25 kg Fe ha™'. Similarly
application of 10.0 mg kg Fe recorded significantly higher iron content in grain (147.6 mg kg'') and
application of 5.00 mg kg! Zn significantly increased Zn content in grain (84 mg kg™!) of rice (Gohil et al.
2017). Field studies have shown that applying micronutrients through foliar spraying on plant surfaces enhances
their absorption, specifically zinc and iron. Kumar et al. (2017) conducted an experiment at the ICAR Institute
of Agricultural Research Institute that demonstrated using three applications of either 2.0% ferric sulfate or
0.5% ferrous chelate by means of a spray during active growth periods will increase amounts of iron uptake to
the plant. In this case, a statistically significant increase was observed with regard to total (grain + straw) Fe
uptake, reaching values of 496.18 kg ha"! in grains and 3034.82 kg ha' in straw. Similar findings were
supported by the work of Meena and Fathima (2017), who conducted an experiment to measure zinc and iron
(Zn + Fe) uptake as a function of different cultivation systems with respect to different types of micronutrient
management strategies. In their study, the conventional system achieved greater grain Zn and grain Fe uptake
compared to both SRI and aerobic cultivation systems. They also found that using seed treatment and foliar
application of ZnSO4 and FeSO4 (0.5%) at boot leaf stage and during panicle initiation resulted in higher grain
zinc and grain iron uptake than any other management practice evaluated. Ghoneim (2016) investigated the
effects of various zinc application methods on nutrient dynamics in plants and reported that foliar spray of
ZnSO4+ H20 at 2.50 kg ha™ resulted in the highest increase in total zinc content in grain (32.1 mg kg™"). Highest
Fe content in milled rice was observed under three foliar spray of Fe at 40,60 and 75 DAS (3%) and it was
3.48% higher compared to soil application of 67 mg FeS04.7H,0 kg! (Meena et al. 2016).

An evaluation reported by Shivay et al. (2016) demonstrated that the use of NPK along with 0.5% Zn—-EDTA
applied foliar at tillering, booting, and grain filling stages resulted in substantially higher zinc concentrations in
rice grain (29.8 mg kg™') and straw (96 mg kg™'). Complementary findings were presented by Sudha and Stalin
(2015), who observed that zinc application enhanced zinc content in whole grain by 30-53%, in brown rice by
6-54%, and in polished rice by 6.1-16.9 mg kg compared to the control. Their results also revealed
considerable zinc loss during processing, as the removal of the hull (brown rice) and both hull and bran
(polished rice) significantly reduced zinc levels relative to whole grain. An experimental work was performed
on efficacy of zinc application methods for concentration and estimated bioavailability of zinc in grains of rice
grown on a calcareous soil by Imran et al. (2015) and inferred that application of 20 kg Zn ha™' (soil application)
plus sprays of 0.25% (w/v) Zn each at tillering and heading stages (foliar application) indicated significantly
greater whole grain Zn concentration and it was increased from 22 to 29 mg kg™ from control. Similarly foliar
application of 0.3 % Zn HEDP (1-Hydroxyethylidene-1,1-diphosphonic acid) L (3 g L of water) at active
tillering and panicle initiation stage recorded higher Zn content in grain (29.83 mg kg') Stalin et al. (2014). In
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direct-seeded rice, Mahajan and Khurana (2014) reported that seven foliar applications of Fe and KNOs applied
single or in combination at different growth stages resulted in comparable iron uptake across treatments (0.28—
0.30 kg ha™"), all markedly higher than the untreated control (0.22 kg ha™"). Supporting the effectiveness of early
nutrient interventions, Mohsin et al. (2014) demonstrated substantial increases in maize grain Zn content, where
seed treatment with 1.0% and 2.0% zinc solutions for 16 hours enhanced zinc levels by 43.61% and 36.56% in
Pioneer 30-Y-87 and DK-919 hybrids, respectively. Similarly, Singh et al. (2013), in a study conducted at
Ludhiana, observed that foliar application of FeSOs7H20 (0.5% and 1%) significantly boosted grain iron
content in five rice cultivars, with the PR113 variety showing the highest response to the 1% spray. Increases in
grain Fe content over the control were substantial, reaching 89.2% in PR113, 61.9% in PR116, 59.4% in PR118,
124.4% in PR120, and 96.7% in PAU 201.In rice, Prom-u-thai et al. (2012) found that seed priming with zinc
sulfate for 60 minutes at concentrations from 0 to 25 mM led to an increase of 0.26 mg plant™ in grain Zn
content relative to the untreated control. Dhaliwal et al. (2010) further highlighted the effectiveness of foliar
feeding, noting that three sprays of FeSO4-7H-0O at 0.5% elevated iron content in brown rice to 21.3-28.9 mg
kg™! across cultivars, compared to 17.3-21.2 mg kg™ in untreated plots. Similarly, Cakmak et al. (2010)
reported marked improvements in grain zinc concentration, with foliar ZnSOs applications elevating Zn content
from 11 to 22 mg kg', and a combined soil-plus-foliar treatment further increasing it to 27 mg kg™
Complementing these results, Fu et al. (2010) observed that Zn and Fe fertilization substantially enhanced
micronutrient concentrations in rice grains, noting that increasing zinc sulphate levels from 0 to 0.2% raised Zn
content in brown rice, with an even more pronounced increase evident in the grain hull.
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Evidence from soil-based zinc interventions also highlights their significant contribution to grain enrichment.
Phattarakul et al. (2009) reported that applying Zn-KCl (1.5% w/v Zn) at 125 kg ha™ increased grain zinc
concentration by 6.7% over the control, while soil application of ZnSO.-7H20 at 50 kg ha™ resulted in an even
greater improvement of 13.9%. Complementing these findings, Shivay et al. (2008) demonstrated the
effectiveness of zinc-coated urea, showing that urea prills coated with 2% ZnSO4 produced the highest zinc
concentrations in both grain (44 mg kg™') and straw (88.5 mg kg™), outperforming other coating treatments. Jin
et al. (2008) demonstrated that foliar spraying with a mixed fertilizer containing 0.1% FeSO4-7H20, 0.4% amino
acids, and 0.2% urea markedly improved iron accumulation in brown rice, increasing Fe content to 10.28 mg
kg™ compared with 6.52 mg kg™ in the control. Consistent results were reported by Zhang et al. (2008), who
found that foliar feeding with 0.1% FeSO. supplemented with 0.4% amino acids significantly enhanced Fe
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concentration in polished rice of the japonica cultivar ‘Bing 98110°, reaching 4.7 mg kg™! an 88% increase over
the control (2.5 mg kg™). Beyond foliar nutrition, Tariq et al. (2007) highlighted the role of plant growth-
promoting rhizobacteria, noting that soaking rice seedling roots in a PGPR-based biofertilizer inoculum (Bio
Power) elevated grain zinc concentration by 14.4% compared to untreated plots. Inoculation with zinc-
solubilizing strains significantly enhanced grain zinc concentration, with higher Zn contents recorded in
Basmati-385 (28.4 and 29.2 mg kg™') and Super Basmati (29.7 and 30.5 mg kg™') when plants were treated with
the bacterial consortium (Shakeel et al. 2024). Sarangi et al. (2006) demonstrated that combining basal
application of 15 kg FeSO4 ha™! with a 1.0% foliar spray at 35 DAS produced the highest iron uptake in direct-
seeded upland rice, reaching 1.83 kg ha™ in grain and 1.37 kg ha™ in straw. Large genotypic differences were
reported by Wen et al. (2005), who found that across 208 rice lines, iron levels in brown rice ranged from 14.49
to 38.06 mg kg and zinc from 11.64 to 42.39 mg kg, with both micronutrients being substantially higher in
brown rice than in polished rice. Beyond rice, Ajouri et al. (2004) recorded 708% increase in grain Zn content in
barley through seed priming with ZnSOa4 (10 mg kg™!), while Imran et al. (2018) reported a 600% enhancement
in maize following priming with 4 mM ZnSOs for 24 hours. In soil-based nutrition studies, Abid et al. (2002)
observed that applying 10 mg Zn kg soil along with NPK + Mn yielded the highest rice grain Zn concentration
(46.53 mg kg!), whereas maximum Fe content (166.1 mg kg™) occurred with 5 mg Zn kg™! plus NPK + Fe.
Srivastava et al. (1999) showed that among various zinc sources including ZnSOs, Zn-FYM, Zn(NHs)s-FYM,
and Zn-EDTA the Zn-EDTA treatment produced the highest grain zinc concentration (40.7 g pot™) in lowland
rice, underscoring the clear advantage of chelated forms for enhancing zinc availability.

10. Limitations and Practical Challenges of Agronomic Bio-fortification

The effectiveness of agronomic bio-fortification varies across different soil types, climatic conditions, and rice
production systems, limiting the universal applicability of nutrient management recommendations. In addition,
factors such as high input costs, limited farmer awareness, inconsistent micronutrient availability, and lack of
long-term field validation may restrict large-scale adoption. Further research focusing on economic feasibility,
region-specific nutrient management strategies and integration with climate-smart agricultural practices is
essential for improving sustainability and farmer-level implementation.

11. Conclusion

The conventional puddled transplanted rice cropping systems, which are highly productive, are gradually being
limited due to the intensifying challenges posed by the high levels of methane emission, water requirement, and
susceptibility to climate variability. In response to growing climate change challenges, the shift towards direct
seeded rice practices assumes a climate-smart approach, considering the potential associated with the reduction
in greenhouse gas emission, water, and labor under the escalating climate change considerations. Nevertheless,
along with the transition from transplanted rice to DSR, there are also changes in the soil physic-chemical
properties. In fact, it has been noted that these transitions tend to increase the difficulty of iron and zinc
micronutrient accessibility in the rice soil, which has been recognized as a wide-scale limitation in rice crop
growth environments worldwide. Perhaps because of this concern in micronutrient accessibility, there have been
developments in iron and zinc micronutrient fertilizer innovation in these environments. Agronomic bio-
fortification has emerged as a practical, scalable and farmer friendly approach for improving Fe and Zn content
of rice while offering a direct pathway to reduce micronutrient malnutrition among vulnerable populations.
Well-timed soil, seed and foliar applications of Fe and Zn alone or in combination evidently have the potential
to significantly improve nutrient uptake, enrichment in grains and overall nutrition in crops. While genetic
approaches and dietary diversification are also important, agronomic interventions offer immediate and
affordable gains in areas with widespread soil micronutrient deficiencies.

Despite significant progress in agronomic bio-fortification and climate-resilient rice cultivation, important
research gaps still exist. Most studies are short term and location specific, limiting the wider applicability of
nutrient management practices across diverse agro climatic conditions. Further long term research integrating
agronomic, microbial, and precision nutrient management approaches is needed to enhance iron and zinc
enrichment, nutrient use efficiency, and environmental sustainability in direct seeded rice systems.
Strengthening collaboration among researchers, extension agencies and policymakers is essential for promoting
climate smart and nutritionally secure rice production.
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