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Summary 

The recent advancements in plant nutrition sciences and metabolic engineering have provided 

novel platforms to improve the micronutrient profile, biochemical performance and metabolic 

stability of crops. Genetic, physiological and molecular advances in bio-fortification have made 

targeted nutrient enrichment of agronomic performance uncompromising. Meanwhile, metabolic 

pathway engineering, with the aid of genomics, transcriptomics, and highly accurate genome 

editing, has increased the ability to manipulate metabolic fluxes and optimize nutrient uptake in 

different environmental conditions. These developments have resulted a more mechanistic concept 

of metabolic regulation in crop systems, especially with regard to nutrient transporters, enzymatic 

bottlenecks and cross-talk in pathways. There has been a parallel development of regulatory 

frameworks in response to which nutrient-enhanced and metabolically engineered crops are being 

reassessed, approved and incorporated into agriculture. New models of scientific oversight are 

beginning to distinguish more and more between the traditional forms of transgenic constructs and 

specific genome edits, allowing a more liberal process of evaluation of low-risk, targeted 

amendments. These new regulations are also leading to the responsible use of engineered 

nutritional characteristics and a focus on transparency, environmental fitness, and traceability. 

Together, the developments in molecular design, optimization of nutrient use and progressive 

regulation are transforming the extent of plant nutritional enhancement and making metabolic 

engineering a core element in the future of agricultural innovation. 
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1 Introduction 

1.1 Climate-Driven Challenges and the Persistence of Micronutrient Malnutrition 
The world is increasingly facing pressure on global agriculture to provide high density food 
products in the face of the fast changing climate, soil erosion, and ever growing population. Some 
micronutrient deficiencies, specifically, iron, zinc, iodine, and vitamin A are still influential sources 
of hidden hunger, as they affect billions of people around the world and the health and 
productivity of the person (Welch and Graham, 2004; White and Broadley, 2009). High yield 
varieties have been a major priority in the practice of modern agriculture and this has led to 
dilution of vital micronutrients in staple crops, particularly with intensive production systems (Fan 
et al., 2008). At the same time, global food supply chains are becoming more and more 
destabilized by occurrences of extreme weather like heatwaves, irregular rainfall, flooding, and 
extended drought, which are threatening the nutritional quality of crops (Ray et al., 2015). Even 
climatic variability alone is projected to result in the loss of rice (1.6 million tons) and wheat (5 
million tons) per year, which in turn leads to a substantial decline in global availability of calories 
and complicates the task of providing food to the project of 10 billion people by 2050 (Ray et al., 
2015; Arora, 2019). Micronutrient malnutrition has been particularly acute in those areas that 
rely on cereal-based nutrition, and iron and zinc deficits are the only two factors that impact 
almost two billion individuals (Gregory et al., 2017). Though the traditional breeding strategies 
have been more concerned with increasing yields stability in the face of changing climatic 
conditions, important physiological functions related to grain production, including carbon 
assimilation and source-sink interactions and nutrient partitioning are very susceptible to 
environmental stress (Ullah and Chenu, 2019). Consequently, climate-related changes that take 
place in photosynthesis, transpiration, and metabolism may reduce nutrient levels in consumable 
plant tissues further (Alae-Carew et al., 2020).  

1.2 Advancements in Metabolic Engineering for Nutritional Enhancement 
Nonetheless metabolic engineering has been found to be among the most useful methods 
towards attaining such a dual objective through allowing the fine-tuning of biosynthetic pathways 
that produce vitamins, minerals, amino acids, antioxidants and other bioactive molecules. 
Metabolic engineering makes it easier to accumulate critical micronutrients and phytonutrients 
and enhance plant responses to environmental stresses through specific manipulation of 
important enzymes and control nodes (Ricroch et al., 2014; Liu et al., 2021). Deposition The 
following advanced tools have been developed: metabolic flux modeling, transgene stacking, and 
CRISPR/Cas-mediated gene editing can enable researchers to design complex pathways with high 
accuracy while being able to express valuable traits by the crop without disrupting primary 
metabolism. Such engineered advances are able to boost the defense systems of plants through 
optimizing the stress-response cascades, refining the antioxidative potential, and optimizing the 
metabolism of protective secondary metabolites (Bhat et al., 2022). Application of metabolic 
engineering and plant nutrition science also increases the possibilities of fighting malnutrition. 
Genome sequencing, transcriptomics, metabolomics, and systems biology insights have provided 
an opportunity to map the complex metabolic networks and to determine strategic points of 
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intervention that can be used to enhance nutritional outcome (Sweetlove et al., 2017). Advanced 
edit technologies and specifically CRISPR-based editing methods have hastened the creation of 
nutritionally enriched cultivars designed to have an increased level of micronutrients with a 
limited degree of genetic perturbation (Zhu et al., 2020). This is a vital ability because nowadays, 
food security can only be achieved by not only enhancing the production of calories but also 
enhancing the nutritional quality of the staple diets. Most commonly eaten cereals (rice, wheat, 
and maize) do not contain sufficient vitamins and minerals, which are not sufficient to address 
the nutritional requirements of the population (Muthayya et al., 2013; Poole et al., 2021). Plant 
metabolic engineering thus offers a strong platform towards increase of crops with greater 
quantities of nutrients indispensable in the environment and resiliency to environmental 
stressors. This integrated science is one of the significant improvements of sustainable food 
systems that can sustain the global food under the rapidly changing climatic conditions. 

2 Fundamental Concepts of Plant Nutrition 

A paradigm shift is currently being experienced in the concept of what plant nutrient is. 
Conventionally, the Arnon-Stout definition focused solely on the essential elements the ones 
strictly necessitated in the life cycle of a plant (Arnon and Stout, 1939). Recent investigations have 
contended, however, that such limited perspective does not take into consideration the extended 
functional roles of most minerals which, although not essential to survival, play important roles 
in improving agronomic performance. These encompass factors that enhance nutrient utilization 
efficiencies, high-stress tolerance, and quality of crops, hence connecting plant nutrition more 
intimately with the objectives of sustainable farming and the one nutrition concept that merges 
plant, animal, and human nutrition (Brown, Zhao and Dobermann, 2021). This redefinition 
indicates a progressive change in the theory of plant nutrition, starting with the classical 
experiments of de Saussure, Sprengel and Liebig, who provided the chemical basis of mineral 
nutrition, and later formalized with omission experiments in nutrient solutions of Arnon and 
Stout, who provided the classical requirements of essentiality. Although these criteria, which fail 
to complete the life cycle under the influence of the absence of a nutrient, their irreplaceability 
by other elements, and bio-chemical activity were valid at that time, current studies have found 
context-dependent nutrient functions that push these limits (van der Ploeg et al., 1999; Brown, 
Zhao and Dobermann, 2021).  

2.1 Physiological and Rhizosphere-Mediated Mechanisms  
Physiologically, there is much beyond mere acquisition and metabolism of plant nutrition. 
Complex root structures, minerals transportation proteins, chelators and vascularization 
networks coordinate uptake and assimilation of minerals. Nutrients can affect photosynthesis, 
respiration, signaling, and source-sink partitioning, and positive elements like silicon and sodium 
regulate the stress resilience through the effect on transporter expression, cell wall and 
antioxidant systems, especially when the environmental conditions are not favorable (Ma and 
Yamaji, 2008; Broadley et al., 2012). One of the main arenas through which these interactions are 
enhanced is the rhizosphere which is a highly dynamic zone around the roots of plants. Plant-soil 
interactions are concentrated in the rhizosphere which includes both beneficial, antagonistic, and 
neutral interactions and plays a major role in determining the fate, behavior, and uptake of 



 

                                                           40 

 

nutrients (Baetz, 2016; Kayler et al., 2017; Rugova et al., 2017). There are many biological and 
ecological changes in this zone as shown in figure 1. that control the activity of the 
microorganisms, the nutrient content, and the growth of the plants (Callesen et al., 2016; Huang 
et al., 2016). These mechanisms are significantly different to those occurring in bulk soil, which 
demonstrates the distinct microenvironment between root and soil (Ibekwe et al., 2017; Rugova 
et al., 2017). Rhizosphere is a dynamic interface between soil and plant roots, root systems with 
microorganisms and between soil and root-invertebrate (Bais et al., 2006; Hartmann et al., 2008; 
Singh et al., 2016; Rugova et al., 2017). Rhizosphere conditions significantly affect the fate and 
behavior of organic compounds that are emitted by roots and microbe (Cai et al., 2017). The zone 
contains abundant low-molecular-weight water-soluble compounds, such as secondary 
metabolites (flavonoids, glucosinolates and terpenoids), gaseous molecules (CO2, H2) and 
inorganic ions (HCO3-, OH-, H+), amino acids, organic acid anions and carbohydrates (Jha et al., 
2015; Baetz, 2016; Haichar et al., 2014; Montiel-Rozas et al Substances of high molecular weight 
like mucilage, polysaccharides and proteins also enrich the rhizosphere, which helps in mobilizing 
nutrients and microbial symbioses (Jha et al., 2015).  
 

 
Figure 1. Rhizosphere Dynamics Governing Nutrient Uptake 

Plants need proper balance of macro and micronutrients in order to grow, metabolize and be 
resilient. Although their roles vary in concentration and function within the body, macronutrients 
like nitrogen, phosphorus, potassium, calcium, magnesium and sulphur act as structural and 
metabolic structures whereas micronutrients like zinc, iron, copper, manganese, boron and 
molybdenum are catalytic and regulatory elements in enzymatic pathways (Marschner, 2012). 
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The deficiencies cause dysfunction in the body including chlorosis, poor growth, retarded 
photosynthesis, enzymatic inhibition, and decreased reproductive ability (Alloway, 2008). The 
initial stage of nutrient uptake is at the root-soil interface via special transporters and channels 
which is controlled by electrochemical gradients and subsequently in the xylem and phloem 
through translocation to different tissues where assimilation pathways such as reduction of 
nitrogen and biosynthesis of amino acids occur (Leustek et al., 2000). The efficiency of uptake is 
determined by the properties of the soil, genetics of the plant, root structure, and interaction of 
mycorrhizal fungi, and these symbioses are important in increasing the availability of phosphorus 
and micronutrients (Smith and Read, 2008). Nutrients are strongly linked to the primary 
metabolism, and they influence photosynthesis, carbon allocation, and sugar, amino acid, lipids 
and secondary metabolite biosynthesis all of which define crop productivity and nutritional 
quality (Hermans et al., 2006).  

2.2 Climate-Modulated Nutrient Fluxes 
Mineral nutrients also play the role of essential components of macromolecules, such as nucleic 
acids, phospholipids, individual amino acids, and co-enzymes, and they are important to cellular 
metabolism, chlorophyll formation, redox regulation, intactness of plasma membranes, and 
osmotic potential (Soares et al., 2019). The nutritional status of soils and their diversity are diverse 
across plant species and largely depend on climate, as shown in figure 2., which subsequently 
impacts the nutrient cycles and the productivity of plants (Dotaniya et al., 2016; Gong and Gao, 
2019). Climatic change also brings new challenges by changing the supply and dynamics of major 
nutrients like carbon, nitrogen, and phosphorus, which are vital in the development of plants 
(Koller and Phoenix, 2017). The dynamics of soil nutrients are highly affected by temperature and 
the composition of nutrients. 
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Figure 2. Dynamic root-microbiome response under climate dynamics 

Increased temperatures will increase microbial activity which increases mineralization of organic 
matter, whereas high carbon levels, especially elevated C:N ratios favor microbial immobilization, 
temporarily decreasing nutrient availability. Conversely, adequate nitrogen will enhance 
mineralization, which will enhance the availability and the release of nutrients to be absorbed by 
plants. This combination of factors keeps the balance between the release and retention of the 
nutrients, which eventually determine the soil fertility and growth of plants. The presence of a 
functional balance between the shoot and root development has guaranteed the optimal nutrient 
acquisition and utilization since photosynthetic efficiency and leaf biomass are closely associated 
with the weight of the roots and the capacity to absorb nutrients (Pilbeam, 2014). Climatic factors 
consequently affect any plant growth, metabolism, physiology and yield, and thus the 
interdependence between nutrition and environmental factors (Alshaal et al., 2017).  

3 Bio-fortification and Nutritional Enhancement Strategies 

An increase in atmospheric CO2 may increase root and shoot development which may improve 
nutrient uptake though this is dependent on adequate nitrogen presence. Such developments 
notwithstanding, there is a difficulty in converting scientific knowledge into farm production. A 
significant number of regulations governing the use of fertilizers are still based on old definitions 
of fertilizers that only include classical basic constituents and restrict the innovativeness of 
nutrient products and application plans that may enhance crop toughness, production, and 
quality (White and Broadley, 2009; Brown, Zhao and Dobermann, 2021).  
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Table 1. Advances in Bio-fortification and Nutrient Enhancement Strategies (2015–2025)  

Strategy Mechanism / Approach 
Target nutrients / 
traits 

Reference  

Conventional breeding 
bio-fortification 

MAS, QTL mapping, genomic 
selection to accumulate nutrient-
dense alleles 

Fe, Zn, pro-Vitamin A, 
quality protein 

(Bouis & Saltzman, 2017; 
Birol et al., 2021; Dwivedi, 
2023). 

Transgenic metabolic 
engineering 

Introducing or enhancing nutrient 
biosynthetic pathways via 
multigene constructs 

Pro-Vitamin A, folate, 
iron chelators 

(Paine et al., 2005; 
Storozhenko et al., 2007). 

Genome editing 
(CRISPR/Cas) 

Precise edits to endogenous 
nutrient-related genes; 
base/prime editing 

Amino acids, Fe/Zn 
transport, 
carotenoids 

(Kumar et al., 2022; Chen, 
2024). 

Agronomic bio-
fortification 

Micronutrient fertilizers, foliar 
sprays, seed priming 

Zn, Se, I, occasionally 
Fe 

(Mao, 2014; Ram, 2024). 

Microbial / Rhizosphere 
interventions (PGPR, AMF, 
SynComs) 

PGPR/AMF-mediated nutrient 
solubilization; SynCom assembly; 
metagenomic selection 

N fixation (indirect), P, 
Fe, Zn 

(Berendsen et al., 2012; 
Decleyre et al., 2015; Finkel 
et al., 2019). 

Nano-enabled nutrient 
delivery 

Controlled-release nanofertilizers 
and seed coatings 

Zn, Fe; NUE 
improvements 

(Rameshaiah et al., 2015). 

Post-harvest nutrient 
retention strategies 

Improved storage, processing, 
handling 

Pro-Vitamin A, Fe, Zn (Huey et al., 2023). 

Integrated multi-pathway 
bio-fortification 

Combined breeding, agronomy, 
microbiome, and value-chain 
interventions 

Fe, Zn, pro-Vitamin A, 
Se, I 

(Birol et al., 2021; Ram, 
2024). 

 
 
Even with development, nutritional enhancement methods have challenges of biosafety, 
regulatory and acceptance by the people. There are issues associated with the risk of gene flows, 
allergenicity, environmental effects, and stability of engineered products in the long run (Ricroch 
et al., 2014).  

4 Metabolic Pathway Engineering in Plants 

4.1 Overview of primary and secondary metabolic  
Plant metabolism engineering is a complex concept that has a complex basis since the plant 
metabolism is a mass of many biochemical reactions that are present in plants to enable their 
growth, development, and adaptation to the environment (Xu, 2018). The major metabolic 
pathways including photosynthesis, respiration, and nitrogen assimilation are the primary energy 
and structural materials that are involved in the functioning of cells. Secondary metabolic 
pathways, in contrast, produce specific compounds, which form a basis of defense, signaling, and 
adaptation to stress (Sung et al., 2015).  

4.2 Techniques for pathway modification  
Recent innovations in metabolomics and flux analysis methods have provided an unprecedented 
amount of insights into the active regulation of these pathways, allowing the researchers to break 
down metabolic fluxes with more than ever before (Lee et al., 2003; Xu et al., 2021). In this 
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metabolic model, the possibility of re-directing fluxes by reengineering particular pathways can 
be used to achieve useful nutritional, biochemical or physiological ends. The main and auxiliary 
metabolic processes which affect amino acids, vitamins, antioxidants, pigments and other 
bioactive metabolites have been engineered to improve the nutritional value. The engineering of 
folate, vitamin E, carotenoids, flavonoids, and glucosinolates are not only effective interventions 
but serious enhancements to the nutritional and functional value of crops (Zhu et al., 2018). The 
methods of controlling these pathways are based on altering the expression of rate-limiting 
enzymes, biosynthetic regulators or pathway bottlenecks (K.-T. Fan et al., 2024). Gene 
overexpression is commonly applied to increase metabolic flow on a target product and boost 
the production of vitamins, antioxidants, and essential amino acids (K.-T. Fan et al., 2024). In 
tandem with this method, the silencing or knockout technology of RNA interference (RNAi) and 
CRISPR/Cas9 could help to shut down the competing pathways or remove the unwanted 
intermediates (Xu et al., 2022). Pathway precision can also be further promoted by the metabolic 
level of control in that engineering transcription factors, regulatory RNAs, and promoters refines 
the patterns of gene expression and pathway sensitivity (Mouchiroud et al., 2014). Other 
technologies like enzyme engineering and development of synthetic scaffolds enhance the use of 
metabolic channeling, which enhances the efficiency of multi-step reactions by physically co-
locating enzymes (Mouchiroud et al., 2014). Synthetic biology and genome editing have solidified 
these methods, which are giving more and more advanced methods of customizing plant 
biosynthetic systems.  

4.3 Systems biology and omics tools in metabolic reconstruction 
The conception and advancement of the genetic transformation instruments have also played a 
significant role in facilitating metabolic engineering. Agrobacterium-mediated transformation is a 
popular method of integrating genes into stables, and the optimization of its efficiency and host 
range has been able to continue to expand the range of its application (Rahman et al., 2024). In 
species that do not respond to Agrobacterium, particle bombardment is an option, which has 
been improved of late by advancements in the sphere of particles design and delivery, and 
significantly enhanced success rates (Ozyigit & Yucebilgili Kurtoglu, 2020). The advent of the 
CRISPR/Cas9 system has become a significant boost to the field of plant biotechnology, providing 
the most precise and versatile gene editing experience (Perez Rojo et al., 2018). The development 
of new variations (base editing, prime editing, and others) further improve the precision with the 
ability to make single-nucleotide changes without causing a double-strand break (Anzalone et al., 
2019). RNA interference, virus-induced gene silencing (VIGS), and newer optogenetic or 
chemogenetic tools provide temporal and spatial regulation of gene activity and pathway 
engineering is now more flexible and dynamic than ever (K. Fan, 2024). The systems of 
nanomaterials delivery also demonstrate the potential of enhancing the efficiency of the 
transformation, as well as increasing the ability to target tissues (Haider et al., 2025). Combining 
these tools of transformation with a high-throughput phenotyping and genome-wide association 
study increases the rate of gene-to-function discovery and enabled more specific reconstruction 
of metabolic pathways (Siddique et al., 2023).  

4.4 Metabolic Engineering Challenges and Innovations 
Engineering of metabolic pathways has provided valuable breakthroughs in the enhancement of 
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important nutritional characteristics. An example is the creation of amino acid biosynthetic 
pathways like the lysine and methionine biosynthetic pathways is done by modifying enzymes like 
dihydrodipicolinate synthase as well as relieving feedback inhibition (Ufaz and Galili, 2008). 
Enhancing vitamins- primarily the pro-Vitamin A and folate have been accomplished using multi-
enzyme-transgenic methods that increase specific biosynthetic pathways (Storozhenko et al., 
2007). Likewise, secondary metabolite biosyntheses such as flavonoids and anthocyanins, have 
been remodeled to yield crops with antioxidant functionality with added health value (Butelli et 
al., 2008). In addition to specific characteristics, the ability of systems biology and multi-omics 
methods is to reconstruct whole metabolic networks with the incorporation of transcriptomic, 
proteomic and metabolomic data. These instruments enlighten metabolic plasticity and pinpoint 
areas of leverage in order to come up with engineering that is more robust and stable 
(Weckwerth, 2011). Although impressive advances have been made, there are still problems 
regarding stable expression, reduction of unintended metabolic burdens and trade-offs that 
impact the growth or fitness of plants. With the further integration of more sophisticated genome 
editing, modeling, and synthetic biology technologies, metabolic engineering is expected to 
develop into more predictable and sustainable manipulation of biological pathways of plants 
biochemistry. 

5 Harnessing Innovation in Plant Growth and Nutrient Signaling 

5.1 Metabolism modulated by internal and external PGRs 
To capitalize on how innovation in plant development and nutrient signaling can be harnessed, 
hormone biology needs to be combined with innovations in rhizosphere microbiome engineering 
since both systems are at the core of regulating nutrient uptake and stress response as well as 
plant performance. The auxins and cytokinins, gibberellins and abscisic acid are plant growth 
regulators (PGRs) that adjust important processes such as root system architecture, stomatal 
behavior and nutrient transporter activity, thus influencing nutrient acquisition and allocation 
(Taiz et al., 2015). These responses are further refined by extensive crosstalk of hormonal 
pathways and networks of nutrient signaling; auxin controls reactions to phosphate by 
remodeling root, cytokinins regulate nitrate uptake, assimilation and remobilization (Kiba et al., 
2011). In addition to these regulatory mechanisms, strategic exploitation of the native 
microorganisms will improve nutrient dynamics, by selecting and bringing in useful microbial 
strains that inherently get attached to the plant species. These crop-specific microbial 
communities are found in maize, rice, and sugarcane and help in forming strong microbiomes in 
the tissues of plants and the rhizosphere (Elsayed et al., 2020; dos Santos et al., 2022; Medina 
and Kutuzova, 2022). The current approaches in microbial engineering make the active control 
over the rhizosphere environment more and more possible, as the key components of the core 
microbiome are identified, and the desirable consortia can be assembled that would be able to 
have stable interactions with the roots of plants. Strategies like plant growth with chosen bacteria 
and incorporation of microbial inoculants with current communities have been backed with the 
use of sophisticated tools as they demonstrate all the microbial diversity and capabilities. 
PhytoChip and GeoChip are functional gene microarrays that map the processes in the microbes 
and help to understand the role of particular taxa in ecosystem functioning (Decleyre et al., 2015; 
Meidute et al., 2018). In situ visualization methods based on fluorescence also enable real-time 
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dynamic monitoring of the colonization of roots by microbes, which will deepen the 
comprehension of the plant-microbe interaction in natural conditions (Hardoim et al., 2015b; 
Sayre et al., 2023; Haney, 2021b). These insights are supported by the molecular manipulation 
methods, including gene silencing, transgenic techniques, and CRISPR/Cas9 gene editing, to 
enable the targeted manipulation of plant characteristics, such as root exudate profiles, which 
affect the microbiome composition, nutrient intake, and resistance to stress (Lo et al., 2022; Chen 
et al., 2024).  

5.2 Synthetic growth regulators enabled by biotechnology innovations 
Synthetic biology also broadens the ability to improve nutrient signaling by allowing the creation 
of engineered signaling circuits, synthetic hormone receptors, and inducible promoters which 
offer very precise temporal regulation of the physiological responses (Park et al., 2017). Such 
advances are in addition to the microbial engineering to enhance the sustainability of agriculture. 
Genetic engineering and CRISPR-based genome editing can provide answers to the problems of 
pest resistance and nutrient inefficiency, as well as stresses caused by climate, and eventually 
result in increased yield and enhanced food security (Santin et al., 2016; Aplakidou et al., 2024). 
RNA interference (RNAi) also can be utilized to enhance the plant disease resistance by targeting 
transcriptional and post-transcriptional silencing of genes (Mason-Jones et al., 2022; Wang M. et 
al., 2023). The idea of engineering rhizosphere microbiomes further puts these methods into 
context by demonstrating how the focus on traditional soil management and strategies that 
involve the use of microbes have evolved into highly specialized plant breeding to favorable root 
exudates and microstructure-specific inoculants (Singer et al., 2016). Modern day engineering 
focuses on the use of functional profiling, metagenomics, biochemical assays, and high-resolution 
characterization as the tools to guide selection of microbial strains guided by genomes 
(Berendsen et al., 2012; Bulgarelli et al., 2013; Muller et al., 2016; Zhang et al., 2020; Solomon 
and Janda, 2024b). Genome sequencing detects plant growth-promoting and stress-reducing 
genes (Hacquard et al., 2015), whereas CRISPR-mediated trait optimization makes sure that the 
useful qualities are optimized on-field (Calvin and Bassham, 1962; Geldner, 2013; Carabotti et al., 
2015; Berendsen et al., 2018; Cryan et al., 2019; Hulme et al., 2020). The functional expression of 
important genes and proteins is then confirmed through transcriptomic and proteomic profiling, 
which dictates the derivation of microbial strains that are active, have biocontrol activity, and are 
physiologically robust (Yuan et al., 2018). These technologies highlight the expanding 
opportunities of microbiome engineering combined with hormonal and metabolic cues to 
support sustainable agriculture and to satisfy the rising global need of resilient and resource-
efficient agriculture (Bais et al., 2010; Hiruma et al., 2016; Bakker et al., 2018; Stringlis et al., 
2018b; Finkel et al., 2019). Lastly, another important interface is in place between plant signaling 
pathways and engineered rhizosphere functions: so-called root exudate-mediated assembly of  
synthetic microbial communities (SynComs). Root exudates (a mix of various sugars, amino acids, 
organic acids and secondary metabolites) are recognized to selectively attract microbial 
companions and form SynCom structure (Marin et al., 2021; Hu et al., 2022). Temporal changes 
in exudates composition allow plants to enlist taxa that offer nutrient cycling, pathogen 
suppressing, and stress relieving qualities. Nevertheless, carbohydrates invite the microbes that 
live on sugar, whereas organic acids like malic and citric acid attract phosphate-solubilizing 
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bacteria (Yuan et al., 2021). Microbial competition and spatial organization in the rhizosphere are 
also regulated by exudates and contribute to cooperative metabolic networks as well as prevent 
pathogenic organisms (Wang and Kuzyakov, 2023; Wang and Kuzyakov, 2024b). Exudates maintain 
the activity of microbes by providing carbon, nitrogen, and energy resources once SynComs have 
been established (Cornforth and Foster, 2013), and triggering nitrogen fixation and phosphate 
mobilization genes (Heilbronner et al., 2021; Pantigoso et al., 2022a; Timofeeva et al., 2023). 
Combined, these innovations demonstrate the strong synergy of plant hormone signaling, 
designed microbial communities and contemporary genomic technology to provide a revolution 
in the sustainable management of nutrients and higher agricultural yield. 

6 Advancements in Nutri-Metabolomics 

6.1 Genome-Based Nutritional Engineering 
The scope of a plant nutritional engineering has been extended recently through synthetic 
biology, genome-wide association studies, and metabolic network modeling. GWAS and QTL 
mapping have also shown the presence of major genetic loci that regulate the accumulation of 
micronutrients, which have opened the way to molecular breeding of crops with high nutrition 
(Garcia-Oliveira et al., 2009). The transcriptomics, metabolomics, and proteomics types of omics 
technologies enable a high-resolution monitoring of the nutrient-sensitive genes and pathways 
to enhance precision in trait improvement (Fernie and Stitt, 2012). Optimizing the use of fertilizer 
and increasing the bioavailability of nutrients are some of the uses of precision agriculture tools, 
such as remote sensing, spectral imaging, sensor-based nutrient monitoring systems, which 
complement metabolic engineering (Zhang and Kovacs, 2012). The combination of field level 
precision control and genetically modified nutrition characteristics will hold promise of more 
efficient and sustainable production systems at crop level.  

6.2 Precision Agriculture and Omics Integration 
Regulatory innovations in modern agricultural biotechnology are becoming more and more 
favourable to the precision-based approaches where the emphasis is put on process-based 
assessment frameworks being replaced by product-based assessment frameworks. Some nations 
such as Argentina, Brazil, the United States, and Japan are now concentrating on the end 
attributes of genome-edited products and not on the breeding method applied, especially in 
cases where no foreign DNA is implanted. This model was first crafted in Argentina, which has 
created a system of case-by-case determination to avoid subjecting a variety of CRISPR-edited 
crops to GMO regulations, leading to much shorter approval periods and faster introduction of 
products (Whelan and Lema, 2015). Science-based guidance followed by Japan, which excludes 
objects of CRISPR-editing plants, high-GABA tomatoes, of GMO regulation, creates the possibility 
of faster commercialization of nutritionally and functionally enhanced cultivars (Mizuno et al., 
2020). These changes in policies have resulted in a favorable condition of innovations aimed at 
nutrient composition, resilience to stress and enhanced metabolic characteristics. Parallel 
regulatory innovations have been developed in microbial biotechnology especially in engineered 
microbial inoculants and synthetic microbial communities (SynComs).  
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6.3 Regulatory Innovations and Bio-fortification 
The Regulation (EU 2019/1009) by the European Union developed a specific system to regulate 
the bio-stimulants, where they must be identified genomic, certifying quality, and documenting 
functional efficacy, which separates bio-stimulants and fertilizers/pesticides and promotes 
innovation (du Jardin, 2015). Likewise, the U.S Environmental Protection Agency has included 
genomics-based characterization and ecological-risk modeling into the process of microbial 
pesticides and engineered strains, thus allowing the incorporation of safer microorganisms to 
improve nutrient signaling, root development, and plant physiological stress (Gray and Limonard, 
2019). Such regulation is a systematic route to the development of rhizosphere engineering, 
microbial consortium utilization and technology of root-microbe interaction as well as adaption 
of advanced strategies combined with modern genetics, as shown in Figure 3.  
Important policy shifts have also been favorable to bio-fortification and nutritional enhancement 
and have placed agriculture in closer relation to the strategies of the public health. Some global 
programs like HarvestPlus have cooperated with regulatory agencies to come up with standards 
of verifying micronutrient enrichment like zinc, iron, and pro-Vitamin-A that permit such crops to 
be accessed by national procurement programs like school feeding and social safety-net programs 
(Bouis and Saltzman, 2017). The mandatory labeling and quality standards of biofortified crops 
and flour blends have been developed in India by the Food Safety and Standards Authority of 
India (FSSAI); thus enabling nutritionally enhanced products to enter mainstream markets and 
government supply chains (Govender et al., 2021). Such regulations enhance consumer 
confidence and allow the sale of nutritionally enriched cultivars at scales that allow the regulatory 
innovation to become one of the core areas of promoting food and nutritional security through 
biotechnology. 

 
Figure 3. Advancements in Bio-fortification strategies for modern-day agriculture 
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6.4 Emerging Challenges, Ethical Dimensions, and Future Pathways 
Important ethical, biosafety and regulatory issues are introduced with the introduction of 
nutritional and metabolic engineering in plants. The subject of genetically modified and 
bioengineered crops is being subject to questioning by the masses, and the fears are that there 
may be health hazards, gene transfer to wild stocks, ecosystem imbalances, and the intellectual 
property (IP) (Qaim, 2020). Open communication, democratic managerial practices and high 
levels of risk evaluation measures are needed to establish confidence of the society and to 
maintain safety. Green management of nutrition needs to incorporate environmental 
management. Crop engineering to increase the nutrient density of crops must not affect 
biodiversity, soil health, and ecosystem services. Climate-resistant, nutrition-enhanced crops 
necessitate the use of a combined approach to biotechnology, agroecology and the principles of 
the circular management of nutrients (Zhu et al., 2020; Ricroch et al., 2014). The future spatial of 
research is to have a combination of multi-omics analysis and prediction modeling to further 
speed up the discovery of the major regulatory nodes in nutrient and stress resilience pathways. 
Precision agriculture can be used with synthetic biology and CRISPR/Cas genome editing to adjust 
the nutrient bioavailability and metabolic flux to variable environmental conditions (Liu et al., 
2021; Sweetlove et al., 2017). Global food and nutrition security will be a central objective of 
interdisciplinary collaboration in the fields of plant science, nutrition, biotechnology, and socio-
economic. 

7 Conclusion 

Considerable advancements have been done in the last decade covering the science of nutrients, 
nutrition and metabolic engineering of plants, shifting the strategies of crop nutritional quality, 
resistance, and metabolic efficacy. Bio-fortification using traditional breeding methods or 
transgenic systems and genome editing have proved to be very effective in increasing the 
micronutrient level and efficiency in nutrient utilization in key staples. Those developments 
represent a more accurate biological picture of the nutrient uptake, transport and assimilation 
pathways, which makes it possible to manipulate major control mechanisms and biosynthetic 
cascades to produce improved nutritional characteristics without reducing agronomic traits. 
Simultaneously, the technology of metabolic engineering has become a strong platform, which 
can be used to reengineer intricate metabolic networks to maximize phytonutrient storage, 
stress-responsive metabolites, and metabolic homeostasis in plants. CRISPR/Cas systems, 
artificial promoters, and multi-gene pathway engineering have increased the ability to easily 
control flux using both primary and secondary metabolic pathways at a level never before 
achieved. This has enabled scientists to deal with the qualities like improved pro-vitamin A 
production, improved iron-zinc co-fortification and improved antioxidant metabolite, and these 
have led directly to nutritional security around the world and climate-adaptive crop production. 
Regulatory innovations have incorporated into the process of making sure that these technologies 
are deployed in a responsible manner. The current direction of metabolic engineering and bio-
fortification studies is now determined by contemporary biosafety systems, regulation of 
individual traits, guidelines on genome-editing and harmonized international standards. The 
current regulatory changes especially those that are shifting towards product but not process 
based assessment are creating an ecosystem that promotes balanced scientific advancement and 
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safety, transparency and societal acceptance. With the global agriculture faced with issues like 
climate variability, micronutrient malnutrition, and rising food demand, convergence of 
nutritional genomics, metabolism engineering tool and future-thinking regulatory architecture, 
the research is likely to keep driving radical innovations in sustainable crop enhancement.  
 

Copyrights: © 2026@ author (s).  
This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author(s) and 
source are credited and that the original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply with these terms. 
Publisher’s note/ Disclaimer  
All claims stated in this article are solely those of the authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this 
article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher. ISISnet 
remains neutral with regard to jurisdictional claims in published maps and institutional affiliations. ISISnet and/or 
the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, 
instructions or products referred to in the content. 
Peer Review: ISISnet follows double blind peer review policy and thanks the anonymous reviewer(s) for their 
contribution to the peer review of this article. 

 

8 REFERENCES   

Ahmad, S., Mukherjee, A., & Khan, M. Y. (2021). CRISPR-Based Crop Improvements: A Way Forward to 

Achieve Zero Hunger. J Agric Food Chem, 69, 8307–8323. 

Alloway, B. J. (2008). Zinc in Soils and Crop Nutrition. International Fertilizer Association. 

Alshaal, T., El-Ramady, H., Al-Saeedi, A. H., Shalaby, T., Elsakhawy, T., Omara, A. E.-D., Gad, A., Hamad, E., 

El-Ghamry, A., Mosa, A., Amer, M., & Abdalla, N. (2017). The Rhizosphere and Plant Nutrition Under 

Climate Change. In M. Naeem, A. A. Ansari, & S. S. Gill (Eds.), Essential Plant Nutrients (pp. 275–308). 

Springer International Publishing. https://doi.org/10.1007/978-3-319-58841-4_11 

Anzalone, A. V., Randolph, P. B., Davis, J. R., Sousa, A. A., Koblan, L. W., Levy, J. M., Chen, P. J., Wilson, C., 

Newby, G. A., & Raguram, A. (2019). Search-and-replace genome editing without double-strand 

breaks or donor DNA. Nature, 576(7785), 149–157. 

Arora, N. K. (2019). Impact of climate change on agriculture production and its sustainable solutions. 

Environmental Sustainability, 2(2), 95–96. https://doi.org/10.1007/s42398-019-00078-w 

Baetz, U., & Martinoia, E. (2014). Root exudates: The hidden part of plant defense. Trends in Plant Science, 

19(2), 90–98. 

Bais, H. P., Weir, T. L., Perry, L. G., Gilroy, S., & Vivanco, J. M. (2006). THE ROLE OF ROOT EXUDATES IN 

RHIZOSPHERE INTERACTIONS WITH PLANTS AND OTHER ORGANISMS. Annual Review of Plant 

Biology, 57(1), 233–266. https://doi.org/10.1146/annurev.arplant.57.032905.105159 

Bana, R. C., Gupta, A. K., Bana, R. S., Shivay, Y. S., Bamboriya, S. D., Thakur, N. P., Puniya, R., Gupta, M., 

Jakhar, S. R., & Kailash. (2021). Zinc-coated urea for enhanced zinc bio-fortification, nitrogen use 

efficiency and yield of basmati rice under typic fluvents. Sustainability, 14(1), 104. 

Barman, A., Bera, A., Saha, P., Tiwari, H., Dey, S., Kumar, S., Patel, S., & Meena, D. K. (2023). Agronomic Zn 

bio-fortification of cereal crops: A sustainable way to ensuring nutritional security: a review. 

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/978-3-319-58841-4_11
https://doi.org/10.1007/s42398-019-00078-w
https://doi.org/10.1146/annurev.arplant.57.032905.105159


 

                                                           51 

 

International Journal of Environment and Climate Change, 13(3), 151–168. 

Berendsen, R. L., Pieterse, C. M. J., & Bakker, P. A. H. M. (2012). The rhizosphere microbiome and plant 

health. Trends Plant Sci, 17, 478–486. 

Bhat, I. A., Guleria, K., Fayaz, M., Roof-Ul-Qadir, Wani, T. A., Qadir, J., & Kaloo, Z. A. (2022). Role of 

Metabolic Engineering in Enhancing Crop Nutritional Quality. In T. Aftab & K. R. Hakeem (Eds.), 

Metabolic Engineering in Plants (pp. 145–170). Springer Nature Singapore. 

https://doi.org/10.1007/978-981-16-7262-0_6 

Birol, E., Foley, J., & Aytekin, D. (2021). Bio-fortification: The Evidence. http://www.harvestplus.org 

Blair, M. W., Monserrate, F., & Beebe, S. (2010). Genetic mapping of iron and zinc seed composition in 

common bean. Plant Soil, 325, 97–108. 

Borg, S., Brinch-Pedersen, H., Tauris, B., & Holm, P. B. (2012). Iron transport, deposition and bioavailability 

in the wheat and barley grain. Plant Soil, 356, 123–140. 

Bouis, H. E., & Saltzman, A. (2017). Improving nutrition through bio-fortification: A review of evidence 

from HarvestPlus, 2003 through 2016. Glob Food Sec, 12, 49–58. 

Brown, P. H., Zhao, F. J., & Dobermann, A. (2021). What is a plant nutrient? Changing definitions to 

advance science and innovation in plant nutrition. Plant Soil, 476, 11–23. 

Butelli, E., Titta, L., Giorgio, M., Mock, H. P., Matros, A., Peterek, S., Schijlen, E. G., Hall, R. D., Bovy, A., Luo, 

J., & Martin, C. (2008). Enrichment of tomato fruit with health-promoting anthocyanins by expression 

of select transcription factors. Nat Biotechnol, 26, 1301–1308. 

Cai, F., Pang, G., Miao, Y., Li, R., Li, R., Shen, Q., & Chen, W. (2017). The nutrient preference of plants 

influences their rhizosphere microbiome. Applied Soil Ecology, 110, 146–150. 

Callesen, I., Harrison, R., Stupak, I., Hatten, J., Raulund-Rasmussen, K., Boyle, J., Clarke, N., & Zabowski, D. 

(2016). Carbon storage and nutrient mobilization from soil minerals by deep roots and rhizospheres. 

Forest Ecology and Management, 359, 322–331. 

Chen, F. (2024). Recent advances of CRISPR-based genome editing for crop improvement. Review) 

Frontiers (Online). [Review Article. 

Decleyre, H. (2015). Functional gene microarrays for assessing microbial processes in the rhizosphere: 

PhytoChip/GeoChip approaches. 

Dixit, S., Shukla, A., Singh, V., & Upadhyay, S. K. (2021). Engineering of plant metabolic pathway for 

nutritional improvement: Recent advances and challenges. Genome Engineering for Crop 

Improvement, 351–379. 

Dotaniya, M. L., Rajendiran, S., Meena, B. P., Meena, A. L., Dotaniya, C. K., Meena, B. L., Jat, R. L., & Saha, 

J. K. (2016). Elevated Carbon Dioxide (CO2) and Temperature vis-a-vis Carbon Sequestration Potential 

of Global Terrestrial Ecosystem. In J. K. Bisht, V. S. Meena, P. K. Mishra, & A. Pattanayak (Eds.), 

Conservation Agriculture (pp. 225–256). Springer Singapore. https://doi.org/10.1007/978-981-10-

2558-7_9 

Dwivedi, S. L. (2023). Bio-fortification to avoid malnutrition in humans in a changing food system. Front 

Plant Sci, 14, 1119148. 

el Zahar Haichar, F., Santaella, C., Heulin, T., & Achouak, W. (2014). Root exudates mediated interactions 

belowground. Soil Biology and Biochemistry, 77, 69–80. 

Fan, K. (2024). Advancing Plant Metabolic Engineering: Enhancing Crop Resilience and Productivity for 

https://doi.org/10.1007/978-981-16-7262-0_6
http://www.harvestplus.org/
https://doi.org/10.1007/978-981-10-2558-7_9
https://doi.org/10.1007/978-981-10-2558-7_9


 

                                                           52 

 

Sustainable Agriculture. Available at SSRN 4897600. 

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4897600 

Fan, K.-T., Xu, Y., & Hegeman, A. D. (2024). Elevated temperature effects on protein turnover dynamics in 

Arabidopsis thaliana seedlings revealed by 15N-stable isotope labeling and ProteinTurnover 

algorithm. International Journal of Molecular Sciences, 25(11), 5882. 

Fan, M. S., Zhao, F. J., Fairweather-Tait, S. J., Poulton, P. R., Dunham, S. J., & McGrath, S. P. (2008). Evidence 

of decreasing mineral density in wheat grain over the last 160 years. J Trace Elem Med Biol, 22, 315–

324. 

Fernie, A. R., & Stitt, M. (2012). On the discordance of metabolomics with proteomics and transcriptomics: 

Coping with increasing complexity in logic, chemistry, and network-based thinking. Plant Physiol, 158, 

1139–1145. 

Finkel, O. M. (2019). Metagenomic and functional insights into the plant microbiome. Review. 

Frontiersinorg. (2020). Selenium bio-fortification and interaction with other elements in plants: A review. 

Frontiers in Plant Science (Pilon-Smits, et al. 

Garcia-Oliveira, A. L., Tan, L., Fu, Y., & Sun, C. (2009). Genetic identification of quantitative trait loci 

controlling micronutrient density in rice grain. J Integr Plant Biol, 51, 84–92. 

Gong, H., & Gao, J. (2019). Soil and climatic drivers of plant SLA (specific leaf area). Global Ecology and 

Conservation, 20, e00696. 

Govender, L., Pillay, K., Siwela, M., Modi, A. T., & Mabhaudhi, T. (2021). Regulatory and quality 

considerations for biofortified grain crops in Africa. Nutrients, 13(7), 2263. 

Gray, J., & Limonard, T. (2019). Regulatory considerations for microbial pesticides in the United States. 

Pest Management Science, 75(11), 2814–2823. 

Haider, Z., Ali, B., Umair Yasin, M., Zia, S., Rehman, M., Chunyan, Y., Ahmad, I., & Gan, Y. (2025). Engineered 

Carbon Dots as Plant Nanobionics: Mechanistic Insights of Biodegradation, Nutrient Delivery, and 

Gene Modulations for Smart Sustainable Agriculture. Critical Reviews in Plant Sciences, 44(3), 139–

179. https://doi.org/10.1080/07352689.2025.2529740 

Hartmann, A., Rothballer, M., & Schmid, M. (2008). Lorenz Hiltner, a pioneer in rhizosphere microbial 

ecology and soil bacteriology research. Plant and Soil, 312(1), 7–14. 

Henry, R. J. (2020). Innovations in plant genetics adapting agriculture to climate change. Current Opinion 

in Plant Biology, 56, 168–173. 

Hermans, C., Hammond, J. P., White, P. J., & Verbruggen, N. (2006). How do plants respond to nutrient 

shortage by biomass allocation? Trends Plant Sci, 11, 610–617. 

Huang, M., Chen, J., Cao, F., Jiang, L., & Zou, Y. (2016). Rhizosphere processes associated with the poor 

nutrient uptake in no-tillage rice (Oryza sativa L.) at tillering stage. Soil and Tillage Research, 163, 10–

13. 

Huey, S. L. (2023). A systematic review of the impacts of post-harvest handling on pro-Vitamin A, iron and 

zinc retention in seven biofortified crops. Nat Food, 4, 978–985. 

Ibekwe, A. M., Ors, S., Ferreira, J. F., Liu, X., & Suarez, D. L. (2017). Seasonal induced changes in spinach 

rhizosphere microbial community structure with varying salinity and drought. Science of the Total 

Environment, 579, 1485–1495. 

Jardin, P. (2015). Plant biostimulants: Definition, concept, and regulatory frameworks. Scientia 

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4897600
https://doi.org/10.1080/07352689.2025.2529740


 

                                                           53 

 

Horticulturae, 196, 3–14. 

Jha, P., Panwar, J., & Jha, P. N. (2015). Secondary plant metabolites and root exudates: Guiding tools for 

polychlorinated biphenyl biodegradation. International Journal of Environmental Science and 

Technology, 12(2), 789–802. 

Kayler, Z., Keitel, C., Jansen, K., & Gessler, A. (2017). Experimental evidence of two mechanisms coupling 

leaf-level C assimilation to rhizosphere CO2 release. Environmental and Experimental Botany, 135, 

21–26. 

Kiba, T., Kudo, T., Kojima, M., & Sakakibara, H. (2011). Hormonal control of nitrogen acquisition: Roles of 

auxin, gibberellin, and cytokinin. J Exp Bot, 62, 1399–1409. 

Koller, E. K., & Phoenix, G. K. (2017). Seasonal dynamics of soil and plant nutrients at three environmentally 

contrasting sites along a sub-Arctic catchment sequence. Polar Biology, 40(9), 1821–1834. 

Kumar, D., & Madhavan, S. (2022). CRISPR-Based Genome Editing for Nutrient Enrichment in Crops: A 

Promising Approach Toward Global Food Security. Front Genet, 13, 932859. 

Kumar, J., Pratap, A., Kumar, S., & Gupta, S. (2019). Zinc bio-fortification in food crops: Progress and 

opportunities. Agronomy, 9, 1–19. 

Kumar, S., DePauw, R. M., Kumar, S., Kumar, J., Kumar, S., & Pandey, M. P. (2023). Breeding and adoption 

of biofortified crops and their nutritional impact on human health. Annals of the New York Academy 

of Sciences, 1520(1), 5–19. https://doi.org/10.1111/nyas.14936 

Lee, D.-Y., Yun, H., Park, S., & Lee, S. Y. (2003). MetaFluxNet: The management of metabolic reaction 

information and quantitative metabolic flux analysis. Bioinformatics, 19(16), 2144–2146. 

Leustek, T., Martin, M. N., Bick, J. A., & Davies, J. P. (2000). Pathways and regulation of sulfur metabolism 

revealed through molecular and genetic studies. Annu Rev Plant Physiol Plant Mol Biol, 51, 141–165. 

Liu, N., Dong, W., Yang, H., Li, J.-H., & Chiu, T.-Y. (2023). Application of artificial scaffold systems in 

microbial metabolic engineering. Frontiers in Bioengineering and Biotechnology, 11, 1328141. 

Liu, Y., Liang, Z., & Hu, J. (2021). Metabolic engineering strategies for enhancing vitamin production in 

plants. Plant Biotechnol J, 19, 2299–2312. 

Lynch, J. P. (2011). Root phenes for enhanced soil exploration and phosphorus acquisition: Tools for future 

crops. Plant Physiol, 156, 1041–1049. 

Ma, J. F., & Yamaji, N. (2008). Functions and transport of silicon in plants. Cellular and Molecular Life 

Sciences, 65, 3049–3057. 

Mao, H. (2014). Using agronomic bio-fortification to boost zinc, selenium and iodine concentrations of food 

crops grown on the Loess Plateau in China. 

Marschner, P. (2012). Marschner’s Mineral Nutrition of Higher Plants (3rd ed.). Academic Press. 

Mizuno, N. (2020). Regulatory landscape for genome-edited crops in Japan. Frontiers in Genome Editing, 

2, 1–6. 

Montiel-Rozas, M. del M., Madejón, E., & Madejón, P. (2016). Effect of heavy metals and organic matter 

on root exudates (low molecular weight organic acids) of herbaceous species: An assessment in sand 

and soil conditions under different levels of contamination. Environmental Pollution, 216, 273–281. 

Mouchiroud, L., Eichner, L. J., Shaw, R. J., & Auwerx, J. (2014). Transcriptional coregulators: Fine-tuning 

metabolism. Cell Metabolism, 20(1), 26–40. 

Naqvi, S., Zhu, C., Farre, G., Ramessar, K., Bassie, L., Breitenbach, J., Perez Conesa, D., Ros, G., Sandmann, 

https://doi.org/10.1111/nyas.14936


 

                                                           54 

 

G., Capell, T., & Christou, P. (2009). Transgenic multivitamin corn through bio-fortification of 

endosperm with three vitamins representing three distinct metabolic pathways. Proceedings of the 

National Academy of Sciences, 106(19), 7762–7767. https://doi.org/10.1073/pnas.0901412106 

Narayanan, N., Beyene, G., Chauhan, R. D., Gaitán-Solís, E., Gehan, J., Butts, P., Siritunga, D., Okwuonu, I., 

Woll, A., & Jiménez-Aguilar, D. M. (2019). Bio-fortification of field-grown cassava by engineering 

expression of an iron transporter and ferritin. Nature Biotechnology, 37(2), 144–151. 

Ozyigit, I. I., & Yucebilgili Kurtoglu, K. (2020). Particle bombardment technology and its applications in 

plants. Molecular Biology Reports, 47(12), 9831–9847. 

Paine, J. A., Shipton, C. A., & Chaggar, S. (2005). Improving the nutritional value of Golden Rice through 

enhanced carotenoid biosynthesis. Nat Biotechnol, 23, 482–487. 

Park, J., Kim, J., Choi, S., Jang, S., & Kim, S. Y. (2017). Synthetic control of plant hormone signaling pathways. 

Curr Opin Plant Biol, 40, 123–131. 

Perez Rojo, F., Nyman, R. K. M., Johnson, A. A. T., Navarro, M. P., Ryan, M. H., Erskine, W., & Kaur, P. 

(2018). CRISPR-Cas systems: Ushering in the new genome editing era. Bioengineered, 9(1), 214–221. 

https://doi.org/10.1080/21655979.2018.1470720 

Pilbeam, D. J. (2014). Breeding crops for improved mineral nutrition under climate change conditions. 

https://www.cabidigitallibrary.org/doi/full/10.5555/20153340249 

Poole, N., Donovan, J., & Erenstein, O. (2021). Agri-nutrition research: Revisiting the contribution of maize 

and wheat to human nutrition and health. Food Policy, 100, 101976. 

Qaim, M. (2020). Role of new plant breeding technologies for food security and sustainable agricultural 

development. Appl Econ Perspect Policy, 42, 129–150. 

Rahman, S. U., Khan, M. O., Ullah, R., Ahmad, F., & Raza, G. (2024). Agrobacterium-mediated 

transformation for the development of transgenic crops; present and future prospects. Molecular 

Biotechnology, 66(8), 1836–1852. 

Ram, H. (2024). Agronomic bio-fortification of genetically biofortified wheat in India and Pakistan: Foliar 

Zn, I and Se. Front Plant Sci 2024: Article. 

Rameshaiah, G. N., & Jp, S. (2015). Nano fertilizers and nanotechnology in agriculture. Int J Environ Sci 

Technol, 4, 251–258. 

Ray, D. K., Gerber, J. S., MacDonald, G. K., & West, P. C. (2015). Climate variation explains a third of global 

crop yield variability. Nature Communications, 6(1), 5989. 

Richardson, A. E., Barea, J. M., McNeill, A. M., & Prigent-Combaret, C. (2009). Acquisition of phosphorus 

and nitrogen in the rhizosphere and plant growth promotion by microorganisms. Plant Soil, 321, 305–

339. 

Ricroch, A. E., Berge, J. B., & Kuntz, M. (2014). Evaluation of genetically engineered crops using 

transcriptomic, proteomic, and metabolomic profiling techniques. Plant Physiol, 164, 1229–1237. 

Römheld, V., & Kirkby, E. A. (2010). Research on mineral nutrition of plants: Historical perspective and 

outlook. J Plant Nutr Soil Sci, 173, 385–395. 

Rugova, A., Puschenreiter, M., Koellensperger, G., & Hann, S. (2017). Elucidating rhizosphere processes by 

mass spectrometry–A review. Analytica Chimica Acta, 956, 1–13. 

Siddique, M. I., Younis, A., Gururani, M. A., & Venkatesh, J. (2023). Application of TILLING as a Reverse 

Genetics Tool to Discover Mutation in Plants Genomes for Crop Improvement. In S. Penna & S. M. 

https://doi.org/10.1073/pnas.0901412106
https://doi.org/10.1080/21655979.2018.1470720
https://www.cabidigitallibrary.org/doi/full/10.5555/20153340249


 

                                                           55 

 

Jain (Eds.), Mutation Breeding for Sustainable Food Production and Climate Resilience (pp. 233–268). 

Springer Nature Singapore. https://doi.org/10.1007/978-981-16-9720-3_9 

Singh, N., Srivastava, S., Rathaur, S., & Singh, N. (2016). Assessing the bioremediation potential of arsenic 

tolerant bacterial strains in rice rhizosphere interface. Journal of Environmental Sciences, 48, 112–

119. 

Smith, S. E., & Read, D. J. (2008). Mycorrhizal Symbiosis, Ed 3. Academic Press. 

Soares, J. C., Santos, C. S., Carvalho, S. M. P., Pintado, M. M., & Vasconcelos, M. W. (2019). Preserving the 

nutritional quality of crop plants under a changing climate: Importance and strategies. Plant and Soil, 

443(1–2), 1–26. https://doi.org/10.1007/s11104-019-04229-0 

Storozhenko, S., Brouwer, V., Volcker, A., Navarrete, O., Villarroel, R., Straeten, D., & Lambert, W. (2007). 

Folate enhancement in staple crops by metabolic engineering. Trends Plant Sci, 12, 419–423. 

Sumithra Muthayya, S. M., Rah JeeHyun, R. J., Sugimoto, J. D., Roos, F. F., Kraemer, K., & Black, R. E. (2013). 

The global hidden hunger indices and maps: An advocacy tool for action. 

https://www.cabidigitallibrary.org/doi/full/10.5555/20133275376 

Sung, J., Lee, S., Lee, Y., Ha, S., Song, B., Kim, T., Waters, B. M., & Krishnan, H. B. (2015). Metabolomic 

profiling from leaves and roots of tomato (Solanum lycopersicum L.) plants grown under nitrogen, 

phosphorus or potassium-deficient condition. Plant Science, 241, 55–64. 

Sweetlove, L. J., Vidigal, P., & Fernie, A. R. (2017). The interplay between transcript regulation and 

metabolite accumulation in plant metabolism. Plant Cell, 29, 138–150. 

Taiz, L., Zeiger, E., Møller, I. M., & Murphy, A. (2015). Plant Physiology and Development, Ed 6. Sinauer 

Associates. 

Ufaz, S., & Galili, G. (2008). Improving the content of essential amino acids in crop plants: Goals and 

opportunities. Plant Physiol, 147, 954–961. 

Velu, G., Singh, R. P., Huerta-Espino, J., Peña, R. J., Arun, B., & Mahendru-Singh, A. (2014). Genetic 

dissection of grain zinc concentration in spring wheat for mainstream zinc bio-fortification breeding. 

Plant Soil, 361, 241–252. 

Weckwerth, W. (2011). Unpredictability of metabolism—The key role of metabolomics science in 

combination with next-generation genome sequencing. Anal Bioanal Chem, 400, 1967–1978. 

Welch, R. M., & Graham, R. D. (2004). Breeding for micronutrients in staple food crops from a human 

nutrition perspective. J Exp Bot, 55, 353–364. 

Whelan, A. I., & Lema, M. A. (2015). Regulatory framework for genome-edited agricultural products in 

Argentina. GM Crops & Food, 6(4), 179–185. 

White, P. J., & Broadley, M. R. (2009). Bio-fortification of crops with seven mineral elements often lacking 

in human diets—Iron, zinc, copper, calcium, magnesium, selenium, and iodine. New Phytol, 182, 49–

84. 

W.H.O. (2021). Bio-fortification of crops with minerals and vitamins. WHO ELENA evidence summary. 

http://www.who.int 

Xu, Y. (2018). Metabolomics study on Arabidopsis thaliana abiotic stress responses for priming, recovery, 

and stress combinations. https://conservancy.umn.edu/items/b1a893d6-eb61-4ca5-833a-

120504e14f07 

Xu, Y., Fu, X., Sharkey, T. D., Shachar-Hill, Y., Walker, & J, B. (2021). The metabolic origins of non-

https://doi.org/10.1007/978-981-16-9720-3_9
https://doi.org/10.1007/s11104-019-04229-0
https://www.cabidigitallibrary.org/doi/full/10.5555/20133275376
http://www.who.int/
https://conservancy.umn.edu/items/b1a893d6-eb61-4ca5-833a-120504e14f07
https://conservancy.umn.edu/items/b1a893d6-eb61-4ca5-833a-120504e14f07


 

                                                           56 

 

photorespiratory CO2 release during photosynthesis: A metabolic flux analysis. Plant Physiology, 

186(1), 297–314. 

Xu, Y., Wieloch, T., Kaste, J. A. M., Shachar-Hill, Y., & Sharkey, T. D. (2022). Reimport of carbon from 

cytosolic and vacuolar sugar pools into the Calvin–Benson cycle explains photosynthesis labeling 

anomalies. Proceedings of the National Academy of Sciences, 119(11), e2121531119. 

https://doi.org/10.1073/pnas.2121531119 

Zhang, H., Huang, B., Dong, L., Hu, W., Akhtar, M. S., & Qu, M. (2017). Accumulation, sources and health 

risks of trace metals in elevated geochemical background soils used for greenhouse vegetable 

production in southwestern China. Ecotoxicology and Environmental Safety, 137, 233–239. 

Zhang, M., & Kovacs, J. (2012). The application of small unmanned aerial systems for precision agriculture: 

A review. Precis Agric, 13, 693–712. 

Zhu, C., Naqvi, S., Gomez-Galera, S., Pelacho, A. M., Capell, T., & Christou, P. (2008). Vitamin enrichment 

of plants for human health. Plant Physiol, 147, 949–951. 

Zhu, H., Li, C., & Gao, C. (2020). Applications of CRISPR–Cas in agriculture and plant biotechnology. Nat 

Rev Mol Cell Biol, 21, 661–677. 

 

https://doi.org/10.1073/pnas.2121531119

