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Enhancing the nutritional value of food crops plays a critical role in

addressing global micronutrient deficiencies. Strategies such as

biofortification, crop breeding, and agronomic practices can improve

nutrient content in staple foods. Plant physiology—particularly root

architecture, nutrient uptake, and transport—affects the accumulation of

essential vitamins and minerals while agronomic techniques like balanced

fertilization, foliar sprays, soil health management, organic amendments, and



precision agriculture can rapidly and practically increase crop nutritional

quality. Ultimately, integrating these approaches offers scalable solutions to

combat hidden hunger, improve human health, and support sustainable,

resilient farming systems worldwide.

Adequate nutrition is fundamental for human growth, development, and health. The

major human nutrients include essential amino acids; fatty acids; vitamins; major

minerals like calcium, phosphorus, magnesium, sodium, and potassium; trace minerals

like iron, zinc, copper, and iodine; and other essential compounds. Adequate nutrition

supplies the macronutrients and essential micronutrients that build and maintain

tissues, enabling normal growth, development, and physiological function (Savarino et

al., 2021). Nutrients also shape disease resistance. Multiple vitamins and minerals

(notably vitamins C and D and zinc) support innate and adaptive immune defenses,

and even marginal deficiencies can impair immune function (Gombart et al., 2020). 

While the world has made significant strides in reducing hunger with global rates down

13%, a less visible but equally serious problem persists (UNICEF, WHO & World Bank,

2023). Billions of people now suffer from "hidden hunger" where diets contain enough

calories but lack essential vitamins and minerals. This nutritional crisis affects roughly

one-third of the world's population, impacting far more people than the 735–795

million who face actual food scarcity each day (FAO et al., 2023). 



The scope of malnutrition is striking: 2.5 billion adults are overweight and 890 million

live with obesity while 390 million remain underweight (WHO, 2024). Beyond the

human cost, this crisis carries an enormous economic burden with undernutrition and

micronutrient deficiencies causing approximately $1 trillion in annual productivity

losses worldwide (FAO, 2013).

Micronutrient deficiencies represent one of today's most widespread public health

challenges. The most critical shortfalls involve vitamin A, vitamin D, vitamin B12, iron,

iodine, and zinc (Weffort et al., 2024). Recent research reveals that more than half of

the global population consumes inadequate levels of essential micronutrients,

including calcium, iron, and key vitamins (Passarelli et al., 2024). Deficiencies in iron,

zinc, and vitamin A weaken immune systems, reduce productivity, and increase

mortality rates (Bailey et al., 2015). In the United States alone, one in four pregnant

women suffer from iron deficiency while more than half of children under five

worldwide lack sufficient vitamins and minerals (CDC, 2025). The situation in low- and

middle-income countries is particularly concerning, as over half of adolescent girls and

young women do not meet their basic micronutrient requirements (UNICEF, 2021). 

Given the scale of the global nutritional crisis, enhancing the nutritional value of food

crops presents a promising and scalable solution. While no single food can provide

complete nutrition, strategically improving the nutrient profiles of widely consumed

crops can help bridge critical dietary gaps worldwide. 

Introduction to nutritional enhancement

Nutritional enhancement refers to a set of strategies designed to improve the nutrient

content of food crops by increasing essential macro- and micronutrients while

minimizing anti-nutritional factors. Improving the nutritional quality of staple crops, as

well as other commonly consumed foods, is a critical step toward addressing



widespread nutritional deficiencies in the United States and globally. Multiple

approaches such as biofortification, genetic improvement, agronomic practices, and

post-harvest processing can be employed to achieve sustainable enhancement of

food crop nutrition. 

Biofortification refers to nutritional enhancement, particularly focusing on

micronutrients such as minerals and vitamins (Bouis et al., 2024). One of the most

important biofortification programs, HarvestPlus, is run by the CGIAR institute, which

works on the development, testing, and scaling of biofortified varieties of 12 staple

crops, thereby improving the diets of hundreds of millions of people (Figure 1). The

HarvestPlus program targets key micronutrients by developing vitamin A-rich sweet

potato, maize, and cassava; iron-rich beans and pearl millet; and zinc-rich rice and

wheat (Van Der Straeten et al., 2020). By 2022, it had officially released more than 445

biofortified crop varieties across 40 countries, reaching over 100 million people and

improving nutritional status, especially among women and children (Bouis et al., 2024).

 

https://www.harvestplus.org/


Figure 1. Rice (left) and wheat (right) are target crops of nutritional enhancement programs

such as HarvestPlus, which develops and promotes zinc-biofortified varieties to improve

dietary quality. Field-based agronomic and genetic strategies, combined with trials on

nutrient management, contribute to strengthening the nutritional value of these staple

crops. Left photo courtesy of HarvestPlus. Right photo by Sofia Cominelli, graduate

student, Kansas State University.

Physiological insights for improving nutritional value in food crops



Enhancing nutrition in food crops requires understanding how plants acquire and

distribute nutrients through three critical stages: (i) mineral and water uptake by roots

(ii) long-distance transport via xylem and phloem, and (iii) targeted delivery to specific

plant organs. 

Root architecture plays a fundamental role in nutrient uptake capacity. Variations in

root systems significantly influence concentrations of zinc, iron, protein, and other

nutrients in grains and fruits (Noor et al., 2024; Amiri et al., 2015; Sultana et al., 2023).

Robust root systems provide a larger area for nutrient uptake and mobilization. For

instance, wild germplasms such as Triticum polonicum with robust root systems have

been identified as a valuable breeding source for enhancing essential minerals such as

copper, magnesium, selenium, and zinc (Bieńkowska et al., 2019). Furthermore, these

germplasms also contain higher amounts of phenolics, flavonoids, and carotenoids in

the grain, the traits which could be transferred to elite wheat cultivars for enhancing

nutritional quality (Suchowilska et al., 2020). 

 



Root architecture plays a fundamental role in nutrient uptake capacity. Illustration is an

adaptation of Figure 1 from the article “Constitutive basis of root system architecture:

uncovering a promising trait for breeding nutrient- and drought-resilient crops,” by Liu et al.

(2023) under license CC BY 4.0.

 

Additionally, improved root traits such as larger xylem vessels and phloem

parenchyma in roots have also been associated with higher mineral and antioxidant

https://doi.org/10.1007/s42994-023-00112-w
https://doi.org/10.1007/s42994-023-00112-w
https://creativecommons.org/licenses/by/4.0/


content in various plants, from grapes to carrots (Klimek et al., 2022; Zhao et al., 2025).

Moreover, root stocks have also been an important source for enhancing the phenolic

compounds and antioxidants as well as fruit quality in grapes (Ozden et al., 2010;

Cheng et al., 2017). These findings demonstrate that root system architecture can be

targeted traits for enhancing nutritional value in food crops. 

Once absorbed, nutrients are transported throughout the plants through the vascular

tissues, xylem and phloem. The efficient long-distance transport in vascular tissues

strongly influences the mineral content in grains and fruits (Braun et al., 2014). Further,

the micronutrients are transferred to the seeds through sieve elements via

plasmodesmata (Patrick & Offler, 2001). For example, iron is accumulated into wheat

grains through phloem transport (Garnett & Graham, 2005; Grillet et al., 2014). 

Mineral uptake and distribution are controlled by ion channels and membrane

transport proteins in root and shoot tissues. The key transporter families for increasing

the micronutrient content in plant tissues include ZIP proteins for zinc and iron

transport, NRAMP proteins for divalent metals transport, and HMA proteins for metal

efflux (Hussain et al., 2004; Nevo & Nelson, 2006; Ajeesh Krishna et al., 2020).

Modifying these transport systems through breeding or genetic engineering

represents a promising strategy to improve micronutrient content in grains and fruits.

For example, overexpression of ZIP transporters enhances zinc accumulation in rice

and wheat, demonstrating the potential of transporter-based biofortification (Lee et

al., 2010; Li et al., 2021).

Approaches for improving nutritional value in food crops

There are several ways to improve the nutritional value of food crops. These strategies

span agronomic management practices, crop breeding, and genetic engineering with

the choice of approach depending on the crop species, target nutrients, and prevailing



environmental and soil conditions (Bouis & Saltzman, 2017; Garg et al., 2018). For

farmers, crops must not only be nutrient rich but also high yielding and tolerant to

various biotic and abiotic stresses. Therefore, while enhancing nutritional value, it is

equally important to consider these other factors to ensure that farmers can readily

adopt new varieties and technologies.

Conventional breeding provides a cost-effective, sustainable, and long-term strategy

for improving the nutritional value of crops by developing varieties with higher

concentrations of essential minerals and nutrients. However, this approach is often

time-consuming, and its effectiveness is strongly influenced by environmental

conditions and the genetic background of the crop. 

Transgenic approaches offer an alternative,

particularly when natural genetic variation for

specific nutrients is limited or absent within a

species. These methods enable the

introduction of beneficial genes from other

species or the precise editing of target genes

to enhance nutrient content, improve

bioavailability, and reduce antinutritional

compounds. 

In contrast, agronomic approaches represent

practical and relatively rapid strategies, relying on optimized fertilizer application rates,

timing, and methods. Techniques such as soil application, foliar spraying, nutri-priming,

and hydroponic cultivation are commonly employed. While these methods can be

applied broadly across crop species and are generally less resource and time intensive

than breeding-based approaches, their effectiveness remains sensitive to

Caption: ©2017 CIAT/Neil Palmer.

CC BY-NC-SA 2.0.

https://creativecommons.org/licenses/by-nc-sa/2.0/deed.en


environmental conditions, and careful management is required to minimize nutrient

losses and environmental risks.

Agronomic approaches for improving nutritional value

Agronomic practices are central to improving the nutritional value of food crops and

addressing micronutrient deficiencies in human diets. While plant nutrition

management has traditionally prioritized yield, growing evidence also shows that

integrated management of macro- and micronutrients can increase the nutrient

density of harvested grains. Key approaches include fertilizer management, soil and

rhizosphere optimization, foliar nutrient application, precision agriculture, and

integrated crop management.

Fertilizer management

Figure 2. The image shows maize

at the silking stage from a nitrogen

use efficiency trial testing different

sources, rates, timings, and

application methods to assess

impacts on yield and grain

nutritional quality. Photo by Gustavo

Roa, Graduate Student, Kansas



Fertilizer management (Figure 2) is a key

agronomic approach for enhancing the

nutritional value of food crops. While macronutrients such as nitrogen, phosphorus and

potassium are primarily applied to improved yield, their balanced use also influences

the uptake and partitioning of micronutrients. 

Nitrogen, essential for photosynthesis and protein synthesis, indirectly enhances grain

zinc and iron concentrations by stimulating root growth, delaying senescence, and

extending grain filling in wheat (Figure 3) (Miner et al., 2022). 

Phosphorus fertilization contributes to nutritional quality by improving root growth and

enhancing the mobility of zinc and iron in soils, which supports their uptake and

accumulation in grains. Adequate phosphorus supply has been associated with higher

grain zinc concentrations in maize and wheat grown on phosphorus -deficient soils

(Zhang et al., 2012; Sánchez-Rodríguez et al., 2021).

State University.

Figure 3. Surface-applied urea for

wheat in a nitrogen use efficiency

trial to understand how fertilizer

management not only improves

yield, but also influences grain



Potassium, in turn, plays a critical role in

carbohydrate transport and enzyme

activation, indirectly supporting

micronutrient translocation and protein

synthesis. Field studies have shown that

balanced potassium application improves nitrogen use efficiency and grain protein

quality, while also enhancing micronutrient accumulation in cereals (Guo et al., 2019;

Römheld & Kirkby, 2010).

Direct micronutrient fertilization is often necessary to achieve substantial

improvements in grain nutrient content. For instance, soil- or foliar-applied zinc has

consistently increased seed zinc concentrations in soybean and maize, even without

yield gains, demonstrating that nutritional quality can be enhanced independently of

productivity (Lamb & Nelson, 2015). In contrast, iron fertilization has produced mixed

outcomes. Studies in Kansas and the U.S. Central Great Plains found that foliar iron

applications in soybean occasionally reduced yield due to leaf injury while in wheat,

higher yields were frequently associated with lower grain iron, a phenomenon known as

the “dilution effect” (Ruiz Diaz, 2013; Miner et al., 2022). These findings indicate that

iron enrichment requires integrated fertility management and careful consideration of

soil health, crop types, and nutrient interactions.

Soil and rhizosphere

Understanding soil and rhizosphere interactions is essential for maintaining soil health,

optimizing nutrient recycling and soil management, and ultimately helping with nutrient

bioavailability and uptake in plants (Ghimire et al., 2024). The physical, chemical, and

biological properties of soil determine its fertility and nutrient availability. Soil physical

characteristics, such as texture, particle size, and mineral composition, determine

nutritional quality through its effects

on nutrient uptake and

allocation. Photo by Sofia Cominelli,

Graduate Student, Kansas State

University.



nutrient retention and exchange. Soils rich in clay and organic matter generally hold

more positively charged nutrients, such as potassium, calcium, and magnesium

(Mengel et al., 2001). 

Soil texture and porosity influence the movement of nutrients toward the root surface.

Mobile ions such as nitrate, sulfate, chloride, and boric acid are transported mainly by

mass flow, whereas diffusion is the predominant pathway for less mobile nutrients

such as phosphorus and often potassium (Halvin et al., 2005). Furthermore, the acidity

and alkalinity of soil regulate nutrient uptake. For example, acidic soils limit the uptake

of phosphorus, calcium, and magnesium while alkaline soils restrict iron, zinc, and

manganese uptake (Marschner, 2011).

Applications of arbuscular mycorrhizal fungi and plant growth-promoting bacteria

increase the rhizosphere microbiome and nutritional bioavailability and uptake, which

can lead to high nutritional quality. Several studies have shown that inoculation of

arbuscular mycorrhizal fungi and plant growth-promoting bacteria increase the

content of vitamins, various organic acids, and overall fruit quality of strawberry and

tomato (Bona et al., 2015, 2017). 

 



Understanding soil and rhizosphere interactions is essential for maintaining soil health,

optimizing nutrient recycling and soil management, and ultimately helping with nutrient

bioavailability and uptake in plants. Illustration is an adaptation of Figure 2 from “Soil

Microbiome: Diversity, Benefits and Interactions with Plants,” by Chauhan et al. (2023)

under license CC BY 4.0.

 

https://doi.org/10.3390/su151914643
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Organic amendments such as animal manure, green manures, mulches, and cover

crops have shown strong potential to improve the nutritional value of crops. For

instance, Hunter et al (2011) reported the higher level of micronutrient composition in

plant foods grown using organic agricultural methods than those using conventional

methods. A recent review found that the use of these organic inputs led to significant

increases in iron and zinc concentrations in grains in maize (Manzeke-Kangara et al.,

2023). Different mulching practices have also been reported to increase the fruit and

nutritional quality in strawberries (Atkinson et al., 2006). Biochar has also been getting

a lot of attention among farmers as it increases the yield and nutritional quality of

crops (Lei et al., 2024). This shows that organic amendment is a promising tool for

increasing the nutritional value of food crops. 

Furthermore, the National Academies of Sciences, Engineering, and Medicine (2024)

has also prioritized the exploration of linkages between soil health and human health,

promoting research on microbial communities for soil health, food quality, and human

health. 

Foliar sprays

Foliar fertilization is an effective nutrient management strategy where dose, timing, and

crop stage are critical for optimal uptake (Fernandez & Eichert, 2009). In situations

where soil conditions restrict nutrient availability or when tissue analysis or visual

symptoms indicate deficiencies, foliar fertilization can be used to supply essential

nutrients (Rajasekar et al., 2017). It is particularly valuable for micronutrients due to

efficient leaf absorption and is useful when soil constraints like high pH or excess

moisture limit root uptake. 

The effectiveness of foliar fertilization depends on proper timing relative to

environmental conditions, crop growth stage, and overall plant health. Applications are



most efficient during early morning or late afternoon when cooler temperatures and

moderate humidity enhance leaf permeability and nutrient absorption (Oosterhuis,

2009). Foliar sprays are particularly effective for enhancing nutritional quality when

aligned with critical growth stages such as grain filling and fruit development (Jalal et

al., 2023). For instance, foliar application of nitrogen increases grain protein content in

wheat (Turley et al., 2001; Dick et al., 2016). 

Jalali et al (2022) reported that the foliar spray of biostimulants like seaweed extract

mixed with micronutrients increases nutritional quality and yield of tomato. Several

studies have been conducted on foliar applications of micronutrients like iodine,

silicon, zinc, and iron which result in increasing their concentration in grains and fruits

(Budke et al., 2021; Hao et al., 2021; Lu et al., 2024). Thus, foliar application of

micronutrients and bio stimulants hold a promising role for increasing nutritional

quality of food crops. 

Precision agriculture

With the development of precision agriculture tools, sensors, drones, and decision

support systems have been used in nutrition management as well as crop

management in agriculture. Identifying the moisture stress and deficiency of different

macro- and micronutrients through drone and remote sensing tools can help in

precise irrigation and application of nutrients, thus ensuring proper uptake of water

and nutrients, especially during grain filling and fruit development. 



Water management is a key factor in

optimizing the yield and quality. Soil moisture

sensors provide continuous measurements

of root zone water status, which is directly

linked to crop productivity (Cominelli et al.,

2024). Their use in tomato production

increases both yield and fruit quality through

better understanding of precise water

requirements (El Chami et al., 2023; He et al.,

2024). Similarly, sensor-based irrigation

management in grapevines improves fruit

quality while conserving water (Garofalo et

al., 2023). Furthermore, multispectral and

thermal remote sensing help determine water

requirements at critical growth stages, improving grapefruit quality (Bellvert et al.,

2016; Jewan et al., 2024). 

Precision agriculture also facilitates nutrient optimization (Figure 4) by improving

timing, placement, and application rates based on real-time field data. Decision-

support platforms integrate sensor information, yield maps, and crop models to guide

management practices that enhance both productivity and nutritional quality

(Gebbers & Adamchuk, 2010; Xing & Wang, 2024). Combined with precision irrigation,

these tools enable synchronized nutrient and water management, enhancing uptake

efficiency during critical growth stages. Unmanned aerial vehicles (UAV) provide an

effective delivery method for nutrients and biostimulants. For example, Xu et al. (2021)

reported that UAV-applied chelated zinc fertilizers increased the zinc content in rice

grains while offering a safe, effective, and economical application method.

Figure 4. Nitrogen use efficiency

trial in sorghum assessing the

impact of fertilizer management on

yield and grain nutritional quality via

nutrient uptake and allocation.

Photo by Sofia Cominelli.



Conclusion and future perspectives

Enhancing the nutritional value of food crops is central to addressing hidden hunger

and improving global health. Successful nutritional improvement of food crops requires

an integrated understanding of plant physiology, from root architecture and nutrient

uptake to vascular transport and grain-loading mechanisms. The synergistic

application of agronomic approaches, including precision fertilizer management, soil

health optimization, foliar applications, and precision agriculture technologies, offers

immediate and scalable solutions that improve food quality while supporting resilient,

sustainable farming systems benefitting producers and consumers. 

Future research should prioritize the development of smart delivery systems that

combine real-time nutrient sensing in soil and plants with targeted application

technologies and digital agriculture. Exploring the soil–plant–human health continuum

through interdisciplinary approaches will be essential for developing sustainable

nutritional enhancement strategies. Scaling innovations across diverse environments,

while ensuring farmer adoption and affordability, remains critical. Ultimately, linking soil

health, crop nutrition, and human well-being provides a transformative opportunity to

reduce nutritional crisis and strengthen food system resilience worldwide. Achieving

this goal requires substantial investment and long-term commitment from

governments and funding bodies, particularly given that nutritional enhancement is

influenced by diverse environmental factors. 
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