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Abstract

Zinc is a vital micronutrient for vegetable crops, playing a crucial role in enhancing growth, productivity, and
nutritional quality. This review explores the significance of zinc in vegetable crop cultivation, emphasizing
its biochemical functions, including enzyme activation, protein synthesis, and stress tolerance. Zinc
contributes to key plant metabolic processes, improving overall plant vigor, root development, and fruit
production. However, zinc deficiency, widespread in many agricultural soils, leads to stunted growth, poor
yield, and reduced crop quality, directly impacting food security and human nutrition. The review examines
various zinc supplementation strategies, including soil application, foliar spraying, and biofortification
techniques, with an emphasis on optimizing zinc levels for different vegetable crops. Zinc biofortification
offers a promising approach to improving the nutritional content of vegetables, addressing the worldwide
issue of micronutrient malnutrition. Furthermore, the paper highlights zinc interactions with other nutrients
and discusses sustainable practices for efficient zinc management, such as integrated nutrient management
(INM) and exactitude agriculture. Future research directions include advancements in zinc-efficient crop
breeding, nano-zinc fertilizers, and technologies for better monitoring and management. This review provides
comprehensive insights into the role of zinc in vegetable crops, offering valuable recommendations for
enhancing productivity, quality, and nutritional value for global agricultural sustainability and human health.

Keywords: Zinc; nutritional quality; vegetable crops; biofortification; growth; productivity.
1. Introduction

Micronutrients are required by plants in trace amounts but are indispensable for sustaining growth, yield, and
quality. Elements such as zinc (Zn), iron, boron, copper, manganese, and molybdenum regulate key
physiological and metabolic processes, including chlorophyll synthesis, photosynthesis, reproductive
development, and enzyme activation, thereby supporting both vegetative growth and successful seed and fruit
production (Zewide & Sherefu, 2021; Monib et al., 2023; Panchal & Maitreya, 2023). Adequate and balanced
micronutrient supply, alongside macronutrients, is therefore fundamental to modern agriculture and high quality
vegetable production (Zewide & Sherefu, 2021; Panchal & Maitreya, 2023; Abedi et al., 2022; Bhatt et al.,
2020).

Among micronutrients, zinc occupies a particularly important place. Zn is a structural or regulatory component
of many enzymes and proteins and is involved in carbohydrate and protein metabolism, auxin (growth hormone)
synthesis, chlorophyll biosynthesis, pollen formation, membrane integrity, and resistance to biotic and abiotic
stresses (Hacisalihoglu, 2020; Saleem et al., 2022; Hosamani et al., 2020; Tayyiba et al., 2021). Even though it
is needed in small quantities, Zn strongly influences biomass production, yield, and product quality across
diverse crops (Saleem et al., 2022; Hosamani et al., 2020; Tayyiba et al., 2021). In vegetable crops, zinc
nutrition has been linked to improved seedling vigor, flowering, fruit set, yield, and shelf life, as well as better
nutritional composition of edible parts (Pankaj & Nirala, 2024; Monib et al., 2023; Ravishankar et al., 2025).

Globally, micronutrient deficiencies in soils especially Zn have become widespread due to intensive cropping,
reliance on high analysis NPK fertilizers, soil erosion, and depletion of native nutrient reserves (Rana et al.,
2024; Panchal & Maitreya, 2023). It is estimated that roughly one third to one half of cultivated soils are Zn
deficient, leading to reduced crop productivity and low Zn concentrations in edible tissues, with direct
consequences for human nutrition and “hidden hunger” (Noulas et al., 2018; Rana et al., 2024; Khan et al.,
2022; Younas et al., 2022). Approximately 17—-20% of the world’s population is at risk of dietary Zn deficiency,
contributing to impaired immune function, stunting, and increased morbidity, particularly in low income regions
where plant foods are the main dietary component (Hacisalihoglu, 2020; Khan et al., 2022; Praharaj et al.,
2021). Enhancing Zn nutrition of vegetable crops thus offers a dual benefit: higher yields and improved Zn
density and overall nutritional value of vegetables for human diets (Noulas et al., 2018; Rana et al., 2024;
Younas et al., 2022; Ahmed et al., 2024; Sangeetha et al., 2022).

The present review focuses on the role of zinc in growth, yield, and nutritional quality of vegetable crops, with
the following objectives: (i) to summarize the physiological and biochemical functions of Zn relevant to
vegetable species; (ii) to synthesize evidence on the effects of Zn supply on vegetative growth, reproductive
development, and yield formation; (iii) to examine how Zn fertilization and biofortification strategies influence
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mineral composition and health related phytochemicals in vegetables; and (iv) to highlight agronomic and
biofortification approaches that can improve Zn use efficiency and contribute to sustainable vegetable
production and nutritional security (Saleem et al., 2022; Poudel et al., 2024; Pankaj & Nirala, 2024; Ahmed et
al., 2024; Hassan et al., 2020).

2. Zinc: A Vital Micronutrient for Vegetable Crops
2.1 Biochemical Functions of Zinc in Plants

Zinc is a structural, catalytic and regulatory cofactor for hundreds of enzymes, the only element present in all six
major enzyme classes (Saleem et al., 2022; Tayyiba et al., 2021; Natasha et al., 2022). It activates enzymes
involved in protein synthesis, nucleic acid metabolism and gene regulation, stabilizes ribosomes, RNA and
DNA, and maintains membrane integrity (Saleem et al., 2022; Tayyiba et al., 2021; Natasha et al., 2022). Zn-
dependent enzymes and proteins participate in chlorophyll biosynthesis, pigment protection and carbonic
anhydrase activity, which are essential for photosynthetic CO- fixation and chloroplast function (Hassan et al.,
2020; Jamali & Zia-Ul-Hassan, 2025; Tayyiba et al., 2021; Smaoui et al., 2023).

Zinc plays key roles in photosynthesis and carbohydrate metabolism, including carbonic anhydrase, aldolase and
dehydrogenases that drive carbon metabolism, sugar—starch interconversion, and energy production (Hassan et
al., 2020; Tayyiba et al., 2021; Natasha et al., 2022; Gondal, 2021). Through these pathways Zn influences
nitrogen metabolism, auxin synthesis, pollen formation and overall metabolic efficiency, all of which are critical
for high-performing vegetable crops (Tayyiba et al., 2021; Jalal et al., 2024; Natasha et al., 2022; Mapodzeke et
al., 2021).

2.2 Zinc Role in Enhancing Growth and Development

Adequate Zn improves root development and architecture, enhancing root length, biomass and branching,
thereby supporting water and nutrient uptake (Jalal et al., 2024; Natasha et al., 2022; Mapodzeke et al., 2021). It
increases leaf area, chlorophyll content and photosynthetic rate, which translate into greater vegetative vigor and
biomass accumulation (Hassan et al., 2020; Smaoui et al., 2023; Jan et al., 2022; Pankaj & Nirala, 2024).

Zinc is also crucial for reproductive development: it supports pollen formation, pollen tube growth, flower
initiation and fruit set, with deficiency often causing reduced flowering, poor fruit development and lower yields
in crops including tomato, cucumber, okra and other vegetables (Tayyiba et al., 2021; Jalal et al., 2024; Pankaj
& Nirala, 2024).

2.3 Stress Tolerance and Disease Resistance

Zinc markedly enhances tolerance to abiotic stresses such as drought, salinity, heat and heavy metals by
improving cell membrane stability, stomatal regulation, water relations, osmotic adjustment, and boosting
enzymatic and non-enzymatic antioxidant systems (Hassan et al., 2020; Jamali & Zia-Ul-Hassan, 2025; Jan et
al., 2022; Hassan et al., 2022). Zn nutrition protects the photosynthetic apparatus under stress, maintains
chlorophyll and carotenoids, and reduces oxidative damage (Hassan et al., 2020; Jamali & Zia-Ul-Hassan, 2025;
Jan et al., 2022).

For biotic stresses, Zn contributes to plant defense by supporting Zn-requiring antioxidant enzymes (e.g.,
superoxide dismutases) and Zn-finger proteins involved in immune signaling and stress-responsive gene
regulation, often reducing disease severity and pest damage (Han et al., 2021; Cabot et al., 2019; Pandya et al.,
2023; Gondal, 2021).

3. Zinc Deficiency: Symptoms, Causes and Impact on Vegetable Crops

3.1 Visual and Physiological Symptoms of Zinc Deficiency

Zinc (Zn) deficiency in plants typically manifests first on younger leaves due to the limited mobility of Zn
within plant tissues (Hafeez et al., 2013; Tayyiba et al., 2021; Nandal & Solanki, 2021). The most common
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visual symptoms include interveinal chlorosis, characterized by yellowing between leaf veins, along with
mottling, bronzing, and bleaching of leaf tissues (Hafeez et al., 2013; Sharma et al., 2013; Tayyiba et al., 2021).
As the deficiency progresses, plants often exhibit stunted growth, reduced internodal elongation, rosetting or
“little leaf” symptoms, and a general reduction in leaf size (Hafeez et al., 2013; Sharma et al., 2013; Tayyiba et
al., 2021; Nandal & Solanki, 2021). In severe cases, necrotic spots and leaf tip burn may develop, further
impairing plant growth and productivity (Saleem et al., 2022; Hafeez et al., 2013).

From a physiological perspective, Zn deficiency adversely affects key metabolic and biochemical processes,
including photosynthesis, enzyme activation, and auxin synthesis, ultimately leading to poor root development,
delayed maturity, and overall plant weakness (A. et al., 2020; Saleem et al., 2022; Tayyiba et al., 2021;
Mattiello et al., 2015). In vegetable crops, these physiological disruptions are reflected in reduced vegetative
vigor, impaired flowering, smaller fruit size, and significant yield losses (Tayyiba et al., 2021; Pankaj & Nirala,
2024).

3.2 Consequences for Vegetable Productivity and Quality

Zinc deficiency reduces biomass production and can depress crop yield by 25-35% in sensitive crops under
deficient soils (A. et al., 2020; Sharma et al., 2013). In vegetable crops, Zn deficiency decreases number and
size of fruits or heads, lowers marketable yield, and results in small, misshapen produce with poor texture and
shelf life (Saleem et al., 2022; Tayyiba et al., 2021; Pankaj & Nirala, 2024). Product quality is further reduced
by lower concentrations of Zn and other nutrients in edible parts, contributing to inferior nutritional value
(Saleem et al., 2022; Younas et al., 2022; Pankaj & Nirala, 2024). Even “hidden” or marginal deficiencies
without clear visual symptoms can significantly reduce yield and quality (Sharma et al., 2013).

3.3 Geographical Prevalence and Global Food Security

Zinc deficiency is one of the most widespread micronutrient disorders in soils worldwide, affecting roughly 30—
50% of agricultural lands, particularly in calcareous, high-pH, sandy, intensively cropped and rice-based soils
(A. et al., 2020; Saleem et al., 2022; Nandal & Solanki, 2021; Muhammad et al., 2022). In India, large soil
surveys indicate about 38-50% of soils are Zn-deficient, with strong spatial variation across states (A. et al.,
2020; N et al., 2019; Khokhar et al., 2024).

These Zn-deficient soils produce vegetables and other foods with low Zn content, closely mirroring high rates of
human Zn deficiency; an estimated 17-25% of the global population is at risk, especially in cereal- and
vegetable-based diets of low-income regions (Khan et al., 2022; Younas et al., 2022; N et al., 2019; Ishfaq et al.,
2021). This “hidden hunger” contributes to stunting, impaired immunity and increased morbidity, intensifying
global food insecurity and malnutrition despite adequate calorie supply (Khan et al., 2022; Younas et al., 2022;
Hacisalihoglu, 2020; Ishfaq et al., 2021).

Table 1. Functional roles of zinc in vegetable crops

Functional area  Main Zn-related roles in plants  Citations

Biochemical Enzyme activation, protein & (Saleem et al., 2022; Tayyiba et al., 2021; Natasha et
functions nucleic acid synthesis, al., 2022; Smaoui et al., 2023)

chlorophyll and pigment

formation
Growth & Root architecture, leaf area, (Tayyiba et al., 2021; Jalal et al., 2024; Jan et al.,
development biomass, flowering, fruitsetand  2022; Pankaj & Nirala, 2024)

yield
Abiotic stress Antioxidant defense, osmotic (Hassan et al., 2020; Jamali & Zia-Ul-Hassan, 2025;
tolerance adjustment, membrane and Jan et al., 2022; Hassan et al., 2022)

photosystem protection
Disease & pest Immune signaling, SODs, Zn- (Han et al., 2021; Cabot et al., 2019; Pandya et al.,
resistance finger proteins, reduced disease 2023; Gondal, 2021)

symptoms
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Table 2. Effects of zinc on growth and yield of important vegetable crops

Crop (example
study/summary)

Zn source & rate
(approx.)

Main growth/yield response

Citations

Tomato

0.5% ZnSOs foliar; 10
kg Zn ha™ soil; 30
ppm Zn foliar

Higher plant height, branches, fruit
set, fruits plant™, yield up to ~50-85
t ha™! vs ~60—67 t ha™! control;
earlier flowering

(Pankaj & Nirala,
2024; Ahmed et al.,
2021; Yadav et al.,
2023)

Brinjal (eggplant)

10mg Zn+ 10 mg B
per plant (foliar/soil)

Increased chlorophyll a, b,
carotenoids, anthocyanin, and fruit
protein; improved physiological
vigor

(Pankaj & Nirala,
2024; Yadav et al.,
2023)

Cucumber ZnO nanoparticles 20  Improved seed germination, plant (Pankaj & Nirala,
ppm (foliar) height, leaf number/area, flowers, 2024; Ahmed et al.,
fruit number, fruit weight, size, 2024)
firmness, and color
Cauliflower 0.5% ZnSO04 + 0.5% Highest marketable curd yield, bud (Pankaj & Nirala,
FeSOa foliar diameter, bud weight, and economic  2024; Yadav et al.,
return 2023)
Broccoli Soil-applied B + Mn + Increased bud diameter and weight,  (Pankaj & Nirala,
Zn (=3:0.5:2:2.5 kg more leaves (“frouds”), higher yield = 2024)
ha™) ha™'
Okra ~7.5 kg Zn ha™' soil Significantly better growth, yield, (Pankaj & Nirala,
and pod quality traits 2024; Yadav et al.,
2023)
Onion Soil and foliar Zn Improved bulb quality (higher TSS)  (Pankaj & Nirala,
with B and yield and nutrient uptake 2024; Yadav et al.,
2023)
Carrot Foliar ZnO-NPs 40 Greatest shoot growth, SPAD, (Awad et al., 2021)
mg L™ (3 sprays) nutrient uptake, root length,
diameter, fresh and dry yield in Zn-
deficient soil
Spinach 5-10 mg L' Zn in Higher chlorophyll index, yield, (Behtash et al., 2025)
(hydroponic) solution protein, SOD and APX activity;
lower MDA and H20:
Pea (field) ZnO nanoparticlesup  Improved shoot and root traits, (Kiani et al., 2024)
to5gL™! yield, soil microbial activity and Zn
content in tissue
Table 3. Effects of zinc on nutritional and biochemical quality of vegetable crops
Crop Zn treatment Key nutritional/quality Citations
improvements
Tomato 0.5% ZnSOs4; 30 Increased TSS, firmness, titratable (Pankaj & Nirala, 2024;
ppm foliar; Zn acidity, chlorophyll a & b, vitamin Ahmed et al., 2021; Yadav
with B C, lycopene, flavonoids, et al., 2023)
carotenoids, phenolics; higher fruit
Zn
Cucumber ZnO-NPs 20 Higher fruit Zn, better firmness and  (Pankaj & Nirala, 2024;
ppm color, improved seed quality and Ahmed et al., 2024)
early vigor
Brinjal 10mg Zn+10  Higher chlorophyll, carotenoids, (Pankaj & Nirala, 2024)
mg B anthocyanin, and fruit protein
content
Cauliflower & Zn (with B, Mn,  Better curd/head compactness, (Pankaj & Nirala, 2024;
Broccoli Fe) soil/foliar marketable quality, mineral content;  Yadav et al., 2023)

improved economic quality indices
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Crop Zn treatment Key nutritional/quality Citations
improvements
Okra ~7.5kgZnha™ Improved pod quality traits; higher ~ (Pankaj & Nirala, 2024;
soil macro- and micronutrient content Yadav et al., 2023)
Carrot ZnO-NPs (esp.  Enhanced root mineral profile (P, (Awad et al., 2021)
40 mg L™) Ca, Fe, Mn, Zn, Cu), better
nutritional homeostasis
Pea microgreens Zn fertigation Zn content increased ~5-fold, plus (Poudel et al., 2024)
I5mgL™ higher flavonoids, phenols,
ZnS04 antioxidant activity, ascorbic acid
Radish & sunflower  Zn fertigation Zn content increased up to 13-fold (Poudel et al., 2024)
microgreens 15mgL™! with increased antioxidants and
ZnS0O4 ascorbic acid, minimal yield loss
Brassica 5-10 mg L™ Shoot Zn concentration increased (Di Gioia et al., 2019)
microgreens ZnSOs solution  75-281% with good yield retention

(arugula, red
cabbage, mustard)

Sweet potato Soil 2.5 kg Zn Increased amino acids, B-carotene, (Rahman et al., 2024)
ha™ + foliar 15— flavonoids, phenolics, and tuber Zn
45 ppm content

4. Zinc Fertilization and Application Strategies
4.1 Zinc Fertilization Methods
4.1.1 Soil Application (Basal / Banded)

Commonly applied as ZnSO4-7H20 at 5-25 kg ha™ depending on soil pH and texture (Kathula et al., 2023;
Kumar et al., 2022; Regar et al., 2022; Rajendiran et al., 2024; Zeb et al., 2022). Very effective for correcting
soil Zn deficiency and giving residual benefits to following crops in a rotation (Farooq et al., 2018; Kumar et al.,
2022; Regar et al., 2022; Rajendiran et al., 2024). In acidic or neutral soils, ZnSO4 and chelated/complexed Zn
are usually more bioavailable than ZnO; in one lettuce study ZnSO. gave the highest Zn availability in year 1,
with nanoparticles and complexes showing strong residual effects in year 2 (De Francisco et al., 2025).

4.1.2 Foliar Spraying

Typical solutions: 0.3—1.0% ZnSOs4 for vegetables and pulses; 0.5% often optimal, with yield or quality declines
at higher concentrations due to phytotoxicity (Hui et al., 2025; Ahmed et al., 2021; Liu et al., 2016; Ahmad et
al., 2023). Particularly effective on calcareous, high-pH, Zn-fixing soils where soil-applied Zn has low
efficiency, and for late correction or biofortification of edible parts (Hui et al., 2025; Ahmed et al., 2021; Hidoto
et al., 2017). Foliar Zn frequently increases grain or fruit Zn concentration more than soil Zn alone and is highly
effective for biofortification (Hui et al., 2025; Ahmed et al., 2021; Hidoto et al., 2017; Ahmad et al., 2023).

4.1.3 Seed Priming / Coating

Seeds soaked or coated with ZnSO. or ZnO/ZnO-nanoparticles improve early vigor, root growth, and Zn content
of seedlings, often with low fertilizer amounts (Tondey et al., 2021; Choukri et al., 2022; Ahmad et al., 2023;
Zeb et al., 2022). In several cereals and pulses, Zn seed priming (=0.1-0.5% ZnSOs4 for 8-24 h) increased yield
and grain Zn, sometimes outperforming equivalent soil Zn doses in deficient soils (Choukri et al., 2022; Ahmad
et al., 2023). Nano-Zn seed coating at 20-40 mg L' improved vegetative growth, biomass and Zn uptake at very
low application rates; higher doses risk toxicity (Tondey et al., 2021).

4.1.4 Relative Effectiveness by Condition

The effectiveness of zinc (Zn) fertilization strategies varies depending on soil characteristics and crop growth
conditions. In soils with low to moderate pH and evident Zn deficiency, soil application of Zn at rates of 5-15
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kg ha™' has been reported to be highly effective in improving crop productivity and Zn availability, often
providing residual benefits for subsequent crops (Farooq et al., 2018; Kumar et al., 2022; Regar et al., 2022;
Rajendiran et al., 2024; Zeb et al., 2022). However, in calcareous or high pH soils, where Zn availability is
restricted due to fixation and reduced solubility, combined soil and foliar Zn application, or foliar application
alone, has been shown to enhance Zn uptake and biofortification more effectively than sole soil application (Hui
et al., 2025; Ahmed et al., 2021; Hidoto et al., 2017; Ashraf et al., 2025; Ahmad et al., 2023). Under conditions
of seedling stress and in low-input production systems, Zn seed priming or coating represents a cost-effective
and low-dose strategy to improve germination, early seedling vigor, and crop establishment (Tondey et al.,
2021; Choukri et al., 2022; Ahmad et al., 2023; Zeb et al., 2022).

4.2 Optimal Zinc Levels and Practical Rates

Recommended zinc (Zn) fertilization rates reported in the literature are largely derived from cereal-, pulse-, and
vegetable-based production systems and are often adapted for vegetable cultivation under comparable soil
conditions. Soil application of Zn, commonly in the form of ZnSO4-7H-0, at rates of 5-10 kg Zn ha™' has been
found effective in many neutral to slightly alkaline soils, particularly in rice—maize cropping systems, where it
improves Zn availability and crop productivity (Kumar et al., 2022; Regar et al., 2022; Rajendiran et al., 2024).
In some cases, a single soil application of 10 kg Zn ha™ increased soil DTPA-extractable Zn from deficient
levels (~0.9 mg kg™) to adequate concentrations exceeding 1.5 mg kg™, thereby sustaining productivity in
chilli-millet-leafy vegetable systems without the need for further Zn inputs until soil Zn levels declined again
(Rajendiran et al., 2024). In highly sodic or strongly alkaline soils, higher one-time application rates of up to 22
kg Zn ha™' may be recommended, while long-term maize—wheat systems have shown that periodic applications
of 5-10 kg Zn ha™ every year or in alternate years can optimize both yield and soil Zn status (Kumar et al.,
2022).

Foliar Zn application is another widely adopted strategy to correct Zn deficiency, particularly when soil
availability is limited. Foliar sprays of ZnSO4 at concentrations of 0.3-0.5%, applied one to three times during
critical growth stages such as flowering or early pod and fruit formation, have been reported to enhance yield
and quality in several crops. A concentration of 0.5% ZnSOa. has frequently been associated with maximum
yield response in chickpea and other legumes (Hui et al., 2025; Goodarzi et al., 2025; Choudhary et al., 2025;
Liu et al.,, 2016). However, excessive foliar concentrations (>0.4—0.5% in sensitive crops) or an increased
number of sprays may lead to phytotoxic effects such as leaf burn and growth suppression (Hui et al., 2025;
Ahmed et al., 2021; Liu et al., 2016).

Seed priming or coating with Zn represents a cost-effective and low-dose approach to improve germination,
early seedling vigor, and Zn enrichment in crops. Priming with 0.1-0.5% ZnSOs for 8-24 hours or applying
low-dose coatings such as 2040 mg L™ ZnO nanoparticles has been shown to enhance yield and grain Zn
content. Nevertheless, higher concentrations (>0.5-1%) or prolonged soaking durations may increase the risk of
reduced germination or Zn toxicity in certain pulse crops (Tondey et al., 2021; Choukri et al., 2022; Ahmad et
al., 2023).

Given the variability in crop species and soil characteristics, soil testing remains essential for effective Zn
management. Parameters such as DTPA-extractable Zn, soil pH, and texture should guide fertilization strategies.
Many cropping systems aim to maintain soil DTPA-Zn levels within the adequate range of approximately 1.0—
1.5 mg kg™, avoiding additional Zn application until concentrations decline below this threshold (Kumar et al.,
2022; Rajendiran et al., 2024; Stuckey et al., 2022).

4.3 Toxicity Thresholds, Risk Factors, and Management Strategies for Zinc Over-Fertilization

Although zinc (Zn) is an essential micronutrient, the margin between deficiency and toxicity in plants is
relatively narrow. Excessive Zn accumulation in soils can lead to phytotoxic effects and potential dietary risks.
For instance, in lettuce cultivation, soil application rates of Zn >30 mg kg supplied through ZnO nanoparticles,
Zn complexes, or ZnSO4 resulted in clear toxicity symptoms and dietary health risk indices exceeding safe
limits (De Francisco et al., 2025). Similarly, in perennial ryegrass, plant growth declined markedly at extremely
high soil DTPA-extractable Zn concentrations (>~489 mg kg™), demonstrating toxicity even in Andisols that
are generally considered tolerant to elevated Zn levels (Stuckey et al., 2022). Physiologically, excessive Zn
disrupts plant metabolism by inducing oxidative stress, impairing root growth, and causing chlorosis, while also

78



Kumar et al.; Int. J. Plant Soil Sci., vol. 38, no. 5, pp. 72-92, 2026; Article no.lJPSS.157486

interfering with the uptake and balance of other essential nutrients such as iron (Fe), manganese (Mn), copper
(Cu), and phosphorus (P) (Ahmed et al., 2021; Kaur & Garg, 2021).

Several agronomic practices can increase the risk of Zn over-fertilization and subsequent accumulation in soils
and edible plant parts. Repeated application of high soil Zn doses in already Zn-sufficient soils, irrigation with
Zn-rich wastewater, and excessive use of nano-Zn fertilizers have been identified as major contributing factors
to Zn buildup in agricultural systems (De Francisco et al., 2025; Tondey et al., 2021; Akhtar et al., 2025; Kaur
& Garg, 2021). Long-term wastewater irrigation, in particular, has been shown to increase both soil Zn
concentrations and enrichment indices in vegetables, indicating moderate to high levels of soil contamination,
even when current dietary risk indices remain below acute health risk thresholds (Akhtar et al., 2025).

To minimize the risk of Zn toxicity while maintaining adequate plant nutrition, several management strategies
are recommended. First, Zn fertilization rates should be based on soil testing, taking into account initial DTPA-
extractable Zn levels, soil pH, and texture. Routine application of high Zn doses should be avoided when soil Zn
concentrations are already within the adequate range of approximately 1.0-1.5 mg kg™ (Kumar et al., 2022;
Rajendiran et al., 2024; Stuckey et al., 2022). Second, moderate and crop-specific fertilization strategies should
be adopted, such as soil application of 5-10 kg Zn ha™ in deficient soils, foliar sprays of 0.3—0.5% ZnSOs at
limited frequencies, and the cautious use of low-dose nano-Zn or seed priming approaches only where justified
(Regar et al., 2022; Tondey et al., 2021; Liu et al., 2016; and Ahmad et al., 2023).

Furthermore, integrated and rotational Zn management strategies are preferable to frequent high-dose
applications. One-time or alternate-year soil Zn fertilization combined with occasional foliar sprays has been
shown to maintain crop productivity and soil Zn balance more effectively than annual heavy applications
(Farooq et al., 2018; Kumar et al., 2022; Regar et al., 2022; Rajendiran et al., 2024; Ashraf et al., 2025).
Continuous monitoring of plant growth, tissue nutrient status, and yield responses is also essential, particularly
when unexplained chlorosis or growth suppression occurs after Zn application, which may indicate emerging
toxicity (De Francisco et al., 2025; Ahmed et al., 2021; Stuckey et al., 2022; Kaur & Garg, 2021). Finally,
controlling non-fertilizer sources of Zn, such as long-term wastewater irrigation and industrial contamination, is
critical to preventing chronic Zn accumulation in vegetable production systems (Akhtar et al., 2025; Kaur &
Garg, 2021).

5. Biofortification: Zinc’s Role in Improving the Nutritional Quality of Vegetables

Zinc (Zn) biofortification aims to enhance both the concentration and bioavailability of Zn in edible plant parts
through integrated agronomic and genetic interventions. This approach has gained significant attention as a
sustainable strategy to address micronutrient malnutrition and improve nutritional security in diverse cropping
systems (Bandara & Dissanayaka, 2024; Rana et al., 2024; and Matumba et al., 2025).

Among the available approaches, agronomic biofortification through fertilizer management is considered the
most immediate and widely applicable strategy for vegetable and field crops. Key methods include soil and
foliar Zn fertilization using sources such as ZnSQOa, Zn-EDTA, ZnO, and nano-Zn formulations. These practices
are typically tailored to soil Zn status, soil reaction (pH), and crop demand, and are often integrated with organic
amendments or beneficial microbial inoculants to enhance Zn solubility, root uptake, and translocation to edible
plant parts (Cakmak & Kutman, 2018; Bandara & Dissanayaka, 2024; and Silva et al., 2025).

In controlled or protected cultivation systems, fertigation has emerged as an effective biofortification technique,
particularly for microgreens and leafy vegetables. Supplying Zn-enriched nutrient solutions through irrigation
enables precise nutrient delivery and improved Zn accumulation in edible tissues. For example, fertigation with
15 mg L' ZnSOs in pea, radish, and sunflower microgreens increased Zn concentrations by approximately five-,
thirteen-, and six-fold, respectively, while maintaining minimal yield reduction and enhancing antioxidant
attributes (Poudel et al., 2024). In addition, microbial biofortification using Zn-solubilizing microorganisms and
plant growth-promoting rhizobacteria has been shown to improve root Zn uptake and translocation, with reports
indicating up to fourfold increases in grain Zn concentration in cereal crops (Hussain et al., 2022).

Overall, agronomic biofortification is regarded as a rapid, cost-effective, and scalable intervention that can be
readily integrated into existing vegetable-based and mixed cropping systems. Importantly, it complements

79



Kumar et al.; Int. J. Plant Soil Sci., vol. 38, no. 5, pp. 72-92, 2026; Article no.lJPSS.157486

genetic biofortification by ensuring adequate plant-available Zn in soils, thereby supporting the expression of
high-Zn traits in improved crop cultivars (Rana et al., 2024; and Matumba et al., 2025).

5.1 Genetic and Breeding Approaches

Genetic biofortification focuses on developing crop cultivars with an inherently higher capacity to accumulate
zinc (Zn) in edible plant tissues. This approach complements agronomic interventions and is increasingly
recognized as a sustainable strategy for improving dietary Zn intake and addressing micronutrient malnutrition
(Praharaj et al., 2021; Lowe et al., 2024; Stangoulis & Knez, 2022; Huertas et al., 2023; Matumba et al., 2025).
Conventional plant breeding remains a primary method for Zn biofortification. It involves the identification and
selection of genotypes that exhibit superior Zn uptake efficiency, root acquisition ability, and enhanced
translocation of Zn to edible parts. These traits are subsequently incorporated into high-yielding and locally
adapted cultivars through systematic crossing and selection programs (Praharaj et al., 2021; Lowe et al., 2024;
Stangoulis & Knez, 2022; Huertas et al., 2023; Matumba et al., 2025). Advances in modern biotechnology and
gene-editing techniques further support this objective by enabling targeted manipulation of genes involved in Zn
transport, chelation, and storage. Such approaches aim to increase Zn loading in edible tissues while maintaining
or improving overall agronomic performance and stress tolerance (Lowe et al., 2024; Stangoulis & Knez, 2022;
Huertas et al., 2022; Matumba et al., 2025).

An important advantage of genetically biofortified varieties is that, once released and adopted, they can provide
long-term nutritional benefits without the need for continuous fertilizer inputs. However, the successful
expression of high-Zn traits still depends on adequate plant-available Zn in the soil, highlighting the
complementary role of agronomic Zn management (Praharaj et al., 2021; Lowe et al., 2024; Stangoulis & Knez,
2022; Matumba et al., 2025). In vegetable crops, leafy and root vegetables—such as spinach, leafy brassicas,
roots, and tubers—are particularly promising targets for Zn biofortification because they naturally accumulate
relatively higher Zn concentrations than many fruit and grain crops. Moreover, these vegetables are often
consumed with minimal processing, thereby enhancing the potential for improved dietary Zn intake (Younas et
al., 2022; Bandara & Dissanayaka, 2024).

6. Health Benefits of Zinc-Enriched Vegetables
6.1 Addressing dietary zinc deficiency

Globally, around one-third of the population is at risk of Zn deficiency, with 60—70% of people in parts of Asia
and sub-Saharan Africa vulnerable due to low Zn intake from plant-based diets and low bioavailability (Praharaj
etal., 2021; Younas et al., 2022; Majumdar et al., 2025; Silva et al., 2025; Matumba et al., 2025). Zn deficiency
is linked to poor growth, impaired immunity, increased infection risk, adverse pregnancy outcomes, and damage
to multiple organ systems including epidermal, nervous, gastrointestinal, skeletal, immune and reproductive
systems (Praharaj et al., 2021; Majumdar et al., 2025; Hussain et al., 2022; Baghaie & Khosravi-Dehkordi,
2025; Silva et al., 2025; Matumba et al., 2025).

Biofortified crops are highlighted as a sustainable, population-level intervention that raises dietary Zn intake
without requiring major diet change or continuous supplementation, and are particularly suited to low-income
settings (Silva et al., 2025; and Rana et al., 2024). Regular consumption of Zn-biofortified foods increases Zn
absorption, improves Zn status, and reduces prevalence of Zn deficiency (Baghaie & Khosravi-Dehkordi, 2025;
Tsang et al., 2021).

6.2 Effects on Immune, Cognitive and Overall Health

Zinc (Zn) plays a critical role in numerous physiological processes in humans, including innate and adaptive
immune function, antioxidant defense mechanisms, DNA repair, and cell division. Consequently, Zn deficiency
can impair immune responses and increase both the incidence and severity of infectious diseases (Praharaj et al.,
2021; Majumdar et al., 2025; Hussain et al., 2022; Baghaie & Khosravi-Dehkordi, 2025; Silva et al., 2025).
Evidence from systematic reviews of Zn-fortified foods primarily staple crops but mechanistically relevant to
biofortified vegetables demonstrates that improved dietary Zn intake can significantly increase plasma Zn
concentrations and reduce the prevalence of Zn deficiency in vulnerable populations (Baghaie & Khosravi-
Dehkordi, 2025; Tsang et al., 2021). Furthermore, enhanced Zn consumption has been associated with reduced
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incidence of diarrhea and febrile illnesses, along with modest improvements in child growth, particularly in
terms of weight gain (Baghaie & Khosravi-Dehkordi, 2025; Tsang et al., 2021). Additional benefits include
positive effects on cognitive and motor development, with improvements in short-term auditory memory
reported among children consuming Zn-fortified foods (Majumdar et al., 2025; Baghaie & Khosravi-Dehkordi,
2025; Tsang et al., 2021).

Vegetables represent an important dietary vehicle for Zn delivery because they provide not only Zn but also
vitamins, antioxidants, and dietary fiber. Therefore, Zn-biofortified vegetables have the potential to
synergistically enhance immune competence, cognitive performance, and cardiometabolic health, particularly in
plant-based dietary systems where Zn intake from animal sources is limited (Younas et al., 2022; Majumdar et
al., 2025; Baghaie & Khosravi-Dehkordi, 2025; Bandara & Dissanayaka, 2024; Silva et al., 2025).

6.3 Global Case Studies in zinc Biofortification

Although much of the existing evidence on Zn biofortification originates from cereals and legumes, recent
research has demonstrated successful implementation in vegetable production systems. In controlled
environment agriculture in the USA and Europe, Brassicaceae and legume microgreens grown in soilless culture
with Zn-enriched nutrient solutions exhibited substantial increases in shoot Zn concentration, ranging from 75—
281% in Brassicaceae species to up to 13-fold in radish, with minimal yield penalties and enhanced
phytochemical profiles (Poudel et al., 2024; Di Gioia et al., 2019). These nutrient-dense microgreens are
increasingly recognized as functional foods capable of delivering dietary Zn in urban and peri-urban food
systems.

Similarly, studies on lettuce and other leafy vegetables in Brazil and other regions have shown that foliar Zn
fertilization can significantly increase leaf Zn concentration without compromising yield, highlighting the
feasibility of agronomic Zn biofortification to directly enhance Zn intake from fresh vegetables and salads
(Cakmak & Kutman, 2018; Bandara & Dissanayaka, 2024; Silva et al., 2025). In Bangladesh, soil application of
8 kg Zn ha™' increased potato tuber Zn concentration by 56-116% and improved tuber yield by 17-23%,
demonstrating that Zn biofortification strategies can simultaneously enhance crop productivity and nutritional
quality in populations with high potato consumption (Ahammed et al., 2025).

Large-scale national and international biofortification initiatives, such as those targeting Fe- and Zn-dense
varieties of wheat, rice, and common beans across Asia, Africa, and Latin America, provide valuable
implementation models for vegetable biofortification programs. These initiatives have shown that regular
consumption of biofortified staples can improve Zn biomarkers and reduce maternal and childhood morbidity,
while also establishing effective seed systems, extension frameworks, and consumer acceptance strategies
(Baghaie & Khosravi-Dehkordi, 2025; Lowe et al., 2024; Silva et al., 2025; Stangoulis & Knez, 2022; Huertas
etal., 2023).

In regions where plant-based diets predominate and Zn deficiency is widespread, modelling studies and
intervention data indicate that incorporating Zn-biofortified crops into daily diets can substantially reduce the
dietary Zn gap, particularly among women and children. Such interventions therefore hold considerable
potential for addressing hidden hunger and reducing nutrition-related health disparities (Stangoulis & Knez,
2022; Huertas et al., 2023; and Matumba et al., 2025).

6.4 Synergies between Zinc and Other Nutrients

Zinc interacts closely with both macronutrients and micronutrients. Adequate nitrogen supply generally
enhances root growth and Zn uptake, and combined N-Zn fertilization can improve both Zn nutrition and N use
efficiency (Kumar et al., 2021; Fan et al., 2021; Ahmed et al., 2024). In contrast, high phosphorus inputs
frequently depress Zn availability and plant Zn concentration through precipitation of Zn—phosphates and
competition at transport sites; excessive P fertilization is widely recognized as a driver of Zn deficiency in crops
(Paramesh et al., 2020; Nadeem et al., 2024; Noulas et al., 2018). Balanced P management and the use of
phospho-enriched compost rather than sole mineral P helped to alleviate P-induced Zn deficiency and increased
grain Zn and Fe in wheat (Paramesh et al., 2020). Potassium interacts less specifically with Zn, but adequate K
together with organic amendments and Zn fertilizer improved N and K status, chlorophyll content and Zn
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accumulation in wheat under alkaline conditions, indicating a positive macronutrient—Zn synergy when overall
nutrition is balanced (Athar et al., 2025).

Among micronutrients, Zn and Fe share transporters and regulatory networks; cross-talk between Zn and Fe
homeostasis means that Zn fertilization can also increase grain Fe, while Fe or P fertilizers can be used to
mitigate excess Zn uptake in contaminated soils (Kumar et al., 2021; Fan et al., 2021; Xie et al., 2019).
Interactions among N, P, S, Fe and Zn are coordinated partly by central regulators such as the transcription
factor PHR1, emphasizing that deficiencies or excesses of a single nutrient reverberate through Zn uptake and
partitioning (Kumar et al., 2021; Xie et al., 2019).

6.5 Effects of Soil pH and Organic Matter on Zinc Availability

Zinc occurs in soils in several pools (water-soluble, adsorbed, carbonate-bound, oxide-bound, organically
complexed and residual) whose relative sizes and exchange rates determine phyto-availability (Saleem et al.,
2022; Noulas et al., 2018; Jalal et al., 2024; Taspinar et al., 2025). Soil pH is a dominant control: increasing pH
generally enhances sorption of Zn to clay minerals, Fe/Al oxides and carbonates, thereby reducing Zn>" activity
in soil solution and plant uptake, particularly in calcareous and alkaline soils (Saleem et al., 2022; Noulas et al.,
2018; Barrow & Hartemink, 2023; Jalal et al., 2024). Conversely, in moderately acidic soils, Zn solubility and
plant availability increase, though strong acidity can also mobilize competing metals and affect root physiology
(Saleem et al., 2022; Adamczyk-Szabela & Wolf, 2022; Barrow & Hartemink, 2023). Detailed analyses show
that while sorption of Zn rises with pH, plant uptake capacity also changes with pH; overall, a small but
consistent decline in plant-available Zn with increasing pH is observed, especially for Zn-sensitive species
(Barrow & Hartemink, 2023).

Organic matter has dual and context-dependent roles. On one hand, farmyard manure, compost, crop residues
and bioslurry additions increase cation exchange capacity, improve soil structure, and stimulate microbial
activity and root growth, all of which can enhance Zn uptake (Sreethu et al., 2024; Pradhan et al., 2025; Gondal
et al., 2023; Dhilipan et al., 2024; Raza et al., 2025; Taspinar et al., 2025). Long-term experiments across Indian
Inceptisols demonstrated that substituting 50% of mineral N with FYM (50% NPK + 50% N through FYM)
maintained a positive Zn balance in soil and raised Zn uptake by 39% relative to 100% NPK alone (Pradhan et
al., 2025). Similarly, co-application of compost or rice husk with Zn sulfate in alkaline soils increased available
Zn, N and K, improved plant growth, and raised grain Zn content by ~49% in wheat (Athar et al., 2025). In
maize, combining bioslurry and compost with Zn sulfate improved soil quality indices by up to 87% and
increased grain Zn by 71% compared with controls (Gondal et al., 2023).

On the other hand, in soils with very high organic matter, strong complexation of Zn by humic substances can
reduce free Zn*" concentrations and thus its immediate availability, particularly at neutral to high pH (Saleem et
al., 2022; Noulas et al., 2018; Jalal et al., 2024). Recent assessments in semiarid regions show that available Zn
correlates positively with organic matter and available P at landscape scale, but the ratio of available to total Zn
(Zn availability ratio) is strongly modulated by pH and carbonate content (Taspinar et al., 2025). Thus, optimal
Zn management requires simultaneous consideration of pH, carbonate status, organic matter level and
competing ions.

6.6 Integrated Nutrient Management (INM) for Zinc Efficiency

Integrated nutrient management that combines mineral fertilizers with organic amendments and biofertilizers is
consistently shown to improve Zn efficiency, crop yield and soil health compared with mineral fertilizers alone
(Sreethu et al., 2024; Pradhan et al., 2025; Gondal et al., 2023; Dhilipan et al., 2024; Raza et al., 2025).
Long-term experiments in multiple Indian cropping systems indicate that conjunctive application of NPK with
FYM (typically 75-100% recommended NPK plus 50% of N as FYM) maintains or increases DTPA-Zn, shifts
Zn into more labile fractions, and sustains higher Zn uptake and yields than 100% NPK (Pradhan et al., 2025;
Raza et al., 2025). In Vertisols under maize, adding FYM, poultry manure, urban compost, green leaf manure
and residue mulches with NPK increased DTPA-Zn up to 2.48 mg kg™ and enhanced grain Zn uptake relative to
mineral fertilization alone; sorbed, Mn-oxide-bound and carbonate-bound Zn pools had the largest direct effects
on plant Zn uptake (Raza et al., 2025).
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At shorter timescales, pot and field experiments demonstrate that the combined use of compost, bioslurry or rice
husk with Zn sulfate significantly improves Zn acquisition and growth in cereals cultivated on Zn-deficient or
alkaline soils, largely by improving soil organic carbon, labile Zn fractions, and N and K availability (Gondal et
al., 2023; Athar et al., 2025). Similar INM strategies in wheat, involving phospho-enriched compost plus
mineral P and combined soil-foliar Zn, reduced the antagonistic effect of high mineral P on Zn, and increased
both Zn and Fe concentrations in grain without sacrificing yield (Paramesh et al., 2020).

Beyond organic manures, biofertilizers and Zn-solubilizing bacteria further enhance Zn efficiency. Recent INM
trials in wheat using Azotobacter, phosphate-solubilizing and Zn-solubilizing bacteria, together with balanced
NPK and Zn fertilization, improved tillering, Zn uptake and soil exchangeable Zn, while organic manure
additions were identified as essential for sustaining soil quality and crop productivity (Sreethu et al., 2024).
Broader reviews of cross-talks between macro- and micronutrients suggest that combined N and Zn fertilization,
together with appropriate P and Fe management, is a promising field strategy for simultaneously enhancing N
and Zn nutrition and minimizing nutrient antagonisms, particularly in high-pH, Zn-deficient soils (Kumar et al.,
2021; Fan et al., 2021; Xie et al., 2019).

Collectively, these studies indicate that Zn efficiency is maximized under systems where: (i) mineral NPK are
applied at balanced, crop-responsive rates; (ii) substantial organic inputs (FYM, compost, bioslurry, crop
residues) maintain soil organic carbon and labile Zn pools; (iii) Zn fertilizers are applied in forms and
placements suited to soil pH and texture; and (iv) microbial inoculants and crop rotations are used to enhance
root uptake and minimize fixation. Such integrated approaches improve the synchronization between Zn and
other nutrients in soil-plant systems and provide a foundation for sustainable, Zn-efficient agriculture.

7. Sustainable Zinc Management Practices

Slow- and controlled-release fertilizers are promoted to increase micronutrient use efficiency and reduce losses
from leaching, runoff and volatilization (Priya et al., 2024). Coated and nano-enabled formulations can
synchronize Zn release with crop demand, prolong residence time in the root zone, and limit environmental
contamination (Saleem et al., 2022; Beig et al., 2023; Shoukat et al., 2025; Priya et al., 2024). For example, urea
coated with ZnO nanoparticles and molasses (slow-release N-Zn fertilizer) reduced N and Zn release rates,
improved N and Zn uptake, and increased wheat yield by 34% relative to conventional urea (Beig et al., 2023).
Nano-Zn formulations applied alone or with silicon improved maize grain yield and nutrient-use efficiency
under saline and non-saline conditions, illustrating their value under stress-prone climates (Shoukat et al., 2025).

Organic amendments such as manures, composts and biochar are central to sustainable Zn fertilization because
they supply Zn, increase cation exchange capacity and water-holding capacity, and stimulate microbial activity
that mobilizes Zn (Baghaie & Khosravi-Dehkordi, 2025; Sreethu et al., 2024; Noulas et al., 2018; Manzeke-
Kangara et al., 2021; Ahmed et al., 2024). Combining Zn fertilizers with locally available organic resources and
optimal NPK substantially increased maize grain Zn in Zimbabwe and markedly reduced modeled dietary Zn
deficiency, demonstrating the public-health relevance of soil-based Zn management (Noulas et al., 2018).
Integration of Zn nanoparticles with biochar can further provide slow Zn release, enhanced Zn bioavailability,
and improved soil structure, though potential ecotoxicological risks require careful assessment (Manzeke-
Kangara et al., 2021).

Precision fertilization technologies using GIS, GPS, remote sensing, loT and Al enable site-specific Zn
management by mapping intra-field variability and applying variable Zn rates only where needed, reducing
over-application and nutrient runoff while sustaining yields (Hou et al., 2025; Liu et al., 2025; Bhamini et al.,
2025; Polwaththa et al., 2024). These tools support data-driven recommendations, real-time diagnosis of Zn
deficiency, and integration of nano- and slow-release Zn sources into smart fertilization systems (Hou et al.,
2025; Liu et al., 2025; Bhamini et al., 2025; Polwaththa et al., 2024).

7.1 Soil Health and Conservation Practices
Long-term soil health is a prerequisite for sustained Zn availability. Continuous monocropping, intensive tillage
and reliance on mineral fertilizers alone degrade soil structure, reduce organic matter, and impair micronutrient

cycling (Manzeke-Kangara et al., 2021; Khan et al., 2024; Topa et al., 2025; Omer et al., 2024). Conservation
agriculture practices—reduced or no tillage, residue retention, cover cropping and diversified rotations—tend to
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increase soil organic carbon, improve aggregation and water retention, and foster diverse microbial communities
that mobilize Zn and other micronutrients (Khan et al., 2024; Topa et al., 2025; Meena et al., 2023; Omer et al.,
2024).

Crop rotation and organic farming systems can enhance Zn concentration and bioavailability in cereals. In a
long-term Canadian rotation experiment, organic management and diversified annual—perennial rotations
significantly increased wheat grain Zn and reduced phytate/Zn ratios, improving estimated Zn bioavailability for
humans, albeit sometimes at the cost of lower yields due to P limitation (Hou et al., 2025). At field scale,
combining mineral NPK with organic amendments and good soil management in Zimbabwe increased maize
grain Zn and was projected to sharply reduce national dietary Zn deficiency and associated disability-adjusted
life years (Noulas et al., 2018).

Integrated nutrient management that blends organic and inorganic inputs with biofertilizers improves soil
physical, chemical and biological properties and maintains labile Zn pools, thereby supporting both productivity
and long-term Zn supply (Baghaie & Khosravi-Dehkordi, 2025; Sreethu et al., 2024; Cakmak & Kutman, 2018;
Meena et al., 2023). Conservation tillage with balanced nutrient inputs in semi-arid Vertisols increased soil
organic C and several available nutrients, and Zn availability emerged as a key indicator of soil health in
soybean—wheat systems (Meena et al., 2023).

7.2 Impact of Climate Change on Zinc Availability

Climate change is expected to alter Zn dynamics through shifts in temperature, precipitation patterns,
evapotranspiration and extreme events. Increased frequency of droughts reduces soil moisture, which is critical
for diffusion-driven Zn transport to roots; reduced moisture is already associated with impaired Zn uptake and
more frequent Zn deficiency in semi-arid cereal systems (Manzeke-Kangara et al., 2021; Cakmak & Kutman,
2018). Heat and water stress can also modify root growth, exudation of organic ligands, and mycorrhizal
associations, thereby influencing Zn acquisition efficiency (Saleem et al., 2022; Manzeke-Kangara et al., 2021).

Salinization of irrigated lands projected to worsen with sea-level rise, higher evaporative demand and poor-
quality irrigation water adversely affects Zn nutrition by ionic competition, osmotic stress and altered
rhizosphere chemistry (Saleem et al., 2022; Shoukat et al., 2025). Under such saline field conditions, nano-Zn
and nano-Si fertilizers improved maize nutrient-use efficiency, reduced Na accumulation and increased grain
yield by up to 106% compared with unfertilized controls, indicating that advanced Zn formulations can partially
buffer climate-driven salinity impacts (Shoukat et al., 2025).

Warmer temperatures and elevated CO2 may also change soil organic matter turnover and redox conditions, with
complex consequences for Zn sorption—desorption equilibria and transport in soil-water systems (Manzeke-
Kangara et al., 2021; Kumar et al., 2022). In many regions, intensified rainfall and erosion will deplete topsoil
organic matter and fine particles that store Zn, further lowering the Zn-supplying power of soils unless
conservation measures are adopted (Manzeke-Kangara et al., 2021; Khan et al., 2024; Topa et al., 2025).

Consequently, climate-resilient Zn management must couple adaptation and mitigation strategies: enhancing
soil organic carbon through organic amendments and reduced tillage; adopting drought- and salinity-tolerant,
Zn-efficient crop genotypes; using slow-release and nano-Zn fertilizers tailored to stress-prone environments;
and deploying precision agriculture tools to dynamically adjust Zn inputs in response to weather variability and
soil conditions (Hou et al., 2025; Khan et al., 2024; and Cakmak & Kutman, 2018).

8. Future Directions in Zinc Research for Vegetable Crops

Emerging Zn fertilizers, particularly nano-enabled formulations, are a central future direction. Nanofertilizers
based on zinc oxide nanoparticles (ZnO-NPs) offer controlled and targeted release, higher surface area, and
improved mobility in plant tissues, which can increase Zn use efficiency relative to bulk Zn salts (Tondey et al.,
2021; Saleem et al., 2022; Beig et al., 2023). Seed priming or coating with ZnO-NPs has been shown to improve
early growth, biomass, yield components, and shoot Zn content in maize, while also stimulating soil microbial
activity and enzyme function, indicating potential as a delivery system for micronutrients in field crops and, by
extension, vegetable systems (Tondey et al., 2021). Foliar application of ZnO-NPs in tomato enhances plant
height, earliness, yield, and quality traits such as lycopene, total soluble solids, and ascorbic acid, highlighting
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the promise of nano-Zn fertilizers to improve both productivity and nutritional value in vegetable crops (Ahmed
et al., 2021). Future research is likely to focus on optimizing particle size, concentration and application timing,
developing hybrid nano-coatings that combine Zn with N or other nutrients, and assessing long-term
environmental and food safety impacts of nano-Zn in vegetable production (Saleem et al., 2022; Beig et al.,
2023).

Breeding for Zn-efficient and Zn-dense varieties represents another major frontier. Zn efficiency defined as the
capacity to sustain growth and yield under low Zn supply relies on traits such as enhanced root surface area,
secretion of Zn-mobilizing exudates, and more effective cellular Zn utilization (Hacisalihoglu, 2020).
Considerable natural variation for Zn efficiency and seed/tissue Zn concentration has been documented in
several crops, and these traits can be exploited for biofortification, including in vegetables (Hacisalihoglu, 2020;
Cakmak & Kutman, 2018). Modern approaches include quantitative trait loci (QTL) mapping and genome-wide
association studies (GWAS) to identify loci and candidate genes involved in Zn uptake, transport and allocation;
for example, recent GWAS in common bean identified loci linked to root-to-seed Zn allocation and candidate
genes such as vacuolar iron transporter 1 and wall-associated kinase-like proteins that modulate Zn homeostasis.
Such studies, together with meta-QTL analyses in cereals, illustrate how precise genomic regions and superior
haplotypes can be defined for marker-assisted selection and genomic selection aimed at higher grain or seed Zn.
Future directions emphasized for Zn-efficient crops include identifying key genes and pathways controlling Zn
efficiency, using genome editing tools such as CRISPR-Cas9, conducting metabolomic profiling of
Zn-efficiency responses, and integrating GWAS/QTL information into breeding pipelines to develop Zn-dense,
stress-tolerant vegetable cultivars (Hacisalihoglu, 2020; Cakmak & Kutman, 2018). Transgenic and gene-editing
strategies that up-regulate Zn transporters, chelators, or reduce anti-nutritional factors such as phytic acid also
offer powerful routes to enhance Zn content and bioavailability in edible organs (Shoukat et al., 2025).

Technological advances in Zn monitoring and management are expected to further transform Zn nutrition in
vegetable systems. Precision agriculture platforms that couple Internet of Things (1oT) soil and plant sensors
with artificial intelligence (Al) and machine learning can provide real-time measurements of soil moisture,
nutrient status (including Zn proxies), and plant performance, enabling site- and time-specific Zn fertilizer
recommendations. Recent Al-driven smart agriculture systems integrate sensor data with deep-learning models
to optimize fertilizer regimes and irrigation, achieving highly accurate predictions for soil properties, crop
choice, and fertilizer type and dose. Similar frameworks, extended with high-throughput phenotyping and
spectral imaging, can be used to detect Zn deficiency symptoms, estimate tissue Zn status remotely, and adjust
Zn fertilization dynamically in vegetable fields and greenhouses. As nano-Zn and advanced controlled-release
fertilizers are adopted, integrating their behavior into decision-support models will be crucial for avoiding
over-application and minimizing environmental risks (Saleem et al., 2022; Beig et al., 2023).

Overall, future research on Zn in vegetable crops will likely converge on three priorities: (i) designing safe,
efficient nano- and smart Zn fertilizers tailored to vegetable production systems; (ii) breeding and engineering
Zn-efficient, nutrient-dense vegetable varieties using genomics, GWAS, and genome editing; and (iii) deploying
sensor- and Al-based precision tools to monitor Zn status and optimize inputs in real time, thereby closing the
gap between genetic potential, agronomic management, and human Zn nutrition.

9. Conclusion

Zinc is a crucial micronutrient that plays an essential role in the growth, productivity, and quality of vegetable
crops. It is involved in various key plant functions, such as enzyme activation, protein synthesis, and chlorophyll
production, which are vital for healthy plant growth. Zinc also contributes significantly to improving plants'
resilience to both biotic and abiotic stresses, including drought and heat, which are increasingly prevalent due to
climate change. Additionally, zinc impacts the development of roots and flowers, which in turn affects fruit set
and overall yield. Its role in enhancing the nutritional quality of vegetables is also noteworthy, as it improves the
micronutrient content of the crops, which is essential for human health. In regions where zinc deficiency is
widespread, optimizing zinc availability in soil can substantially improve both the yield and nutritional value of
vegetable crops, thus contributing to food security and improved public health.

10. Recommendations for Agricultural Practices

To maximize the benefits of zinc in vegetable farming, it is critical to adopt several best practices for efficient
zinc use. One key strategy is to implement optimized zinc fertilization by conducting regular soil tests to assess
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zinc levels and applying fertilizers accordingly. Different zinc formulations, such as nano-zinc or slow-release
fertilizers, can be used to enhance the bioavailability of zinc and reduce the risk of overuse. In addition, foliar
application of zinc during critical growth stages can provide quick corrections for zinc deficiencies, leading to
improved plant health and higher yields. Another important practice is integrated nutrient management (INM),
where zinc is supplemented alongside other essential nutrients to ensure balanced and efficient nutrient uptake.
Zinc biofortification is also a promising approach to enhance the zinc content of vegetables, particularly in
regions with widespread micronutrient deficiencies. Moreover, sustainable soil health management practices,
including crop rotation, reduced tillage, and organic farming, should be adopted to prevent zinc depletion in the
soil and to enhance its long-term availability to plants.

11. Further Research and Policy Action

Although substantial progress has been made in understanding the importance of zinc in agriculture, further
research is needed to explore and optimize its use in vegetable crops. Developing zinc-efficient crop varieties,
particularly those that can thrive in zinc-deficient soils, should be a priority for researchers. Additionally,
exploring the potential of nano-zinc fertilizers and understanding their long-term effects on both crop yield and
soil health could provide valuable insights for improving zinc efficiency. It is also essential to investigate how
zinc supplementation can help crops withstand the impacts of climate change, such as increasing temperatures
and water scarcity, which present new challenges to agricultural productivity. On a policy level, governments
and agricultural institutions should support initiatives that promote sustainable zinc management practices,
including the development and adoption of zinc-efficient technologies. Such policies would incentivize farmers
to use innovative fertilization strategies and improve overall agricultural sustainability.

12. Global Implications

Addressing zinc deficiency is of utmost importance for both food security and human health on a global scale.
Zinc is not only essential for plant growth but also plays a vital role in human nutrition, particularly in
preventing micronutrient malnutrition. In regions where zinc deficiency is wide spread, targeted interventions
to improve soil zinc levels can significantly boost vegetable crop yields and enhance their nutritional quality,
which is vital for combating malnutrition. Furthermore, as the world faces increasing challenges related to
climate change, optimizing zinc use in agriculture can contribute to building resilient food systems. Sustainable
zinc management practices will ensure that crops remain healthy and productive, while minimizing the
environmental impact of excessive fertilizer use. By integrating zinc management into broader agricultural
strategies, we can address pressing nutritional challenges and promote the long-term sustainability of
agricultural systems, ensuring that future generations have access to healthy, nutrient-rich food.
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