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Review Article
CO2 Enrichment and Its Impact on Nitrogen and Phosphorus dynamics in Cereals and Millets

ABSTRACT 

Elevated CO2 from human activities is altering global climate and affecting agriculture, particularly cereals and millets, which supply 60% of global food. Increased CO2 disrupts Nitrogen and Phosphorus absorption, impacting plant growth and photosynthesis. To cope, plants adjust root architecture, enhance mycorrhizal associations, and activate metabolic and transcriptional responses. These adaptations help mitigate nutrient deficiencies under limited soil Phosphorus. Root hairs play a crucial role in anchoring plants to the soil and enhancing nutrient uptake by increasing root surface area. Their development, controlled by factors like phytohormones, pH, and cytoskeleton dynamics, involves initiation and tip growth. Plants also rely on arbuscular mycorrhizal fungi (AMF) to acquire nitrogen (NH4⁺ and NO3⁻) and phosphorus through specialized structures called arbuscules. This pathway becomes increasingly important under elevated CO2 (eCO2), which inhibits NO3⁻ assimilation in leaves. Under eCO2, plants adjust their nitrogen status through NRT1 and NRT2 transporters and coordinate carbon and nitrogen metabolism via transcription factors like HY5. Prolonged eCO2 exposure often leads to phosphorus deficiency, prompting plants to excrete organic acids and employ alternative metabolic pathways to maintain homeostasis. Sustainable practices such as legume intercropping, no-till farming, and CRISPR-based genome editing hold promise for mitigating nutrient deficiencies. Millets, with their nutrient efficiency and resilience under eCO2, emerge as ideal crops for sustainable agriculture. By combining adopting innovation and sustainable approaches, it is possible to counter nutrient loss and ensure food security amidst climate change.
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1. INTRODUCTION 

In the face of a rapidly changing climate, agriculture faces unusual challenges. Rising CO2 in atmosphere, altered precipitation patterns, temperatures and more extreme weather events are reshaping the agricultural landscape, shows impact on crop yields and food security. Nitrogen (N) and Phosphorous (P) are limiting nutrients in the ecosystem and also N and P contribute more towards metabolism in plants like protein synthesis, nucleic acid synthesis etc. So, it is relevant to study the ill effects of N and P under elevated CO2 (eCO2) environment. Elevated atmospheric CO2 concentrations can boost plant photosynthetic rates. They can thus operate as a carbon 'fertilizer', increasing net ecosystem CO2 exchange and contributing to higher net primary productivity. In fact, nutrient scarcity, such as nitrogen (N), may counteract the beneficial benefits of increased CO2 on photosynthesis, limiting species expansion. Photosynthetic adaptation has been linked to lower N concentrations in the leaf and throughout the plant. Plant biomass increased by 20-25% with increasing CO2 and enriched N, compared to 8-12% with insufficient N supply (Reich et al., 2006).
 Phosphorus is a unique nutrient among the necessary plant nutrients. It is a fundamental structural component of coenzymes, nucleotides, nucleic acids, phosphoproteins, sugar phosphates and phospholipids and plays an important function in plant metabolism by saving and transferring energy. The increased growth caused by increasing CO2 is expected to necessitate additional P, which is absorbed from the available P pool in soil. The available amount of soil P to plants is frequently limited via its strong bonding in insoluble forms. In response to persistent phosphorus deprivation, some plants generate possible adaptation mechanisms at the morpho-physiological, biochemical, and molecular levels. Adaptive mechanisms include varies in root architecture, increased the secretion of organic acids, and increased the activity of acid phosphatases, ribonucleases (RNase), inorganic phosphate (Pi) transporters, and phosphoenolpyruvate carboxylases (PEP Case).

2. RESPONSES OF ROOT ARCHITECTURE AND ELEVATED CO2
Root hairs play a major role in increasing root surface area hence helping with physical substrate attachment and providing a large interface for nutrient uptake. Root-hair cells are highly polarized cellular components generated by tip growth of the outer layer epidermal cells in a physiologically regulated and genetically controlled manner. Root-hair morphogenesis, a model system for polarized plant cell growth, can be separated into two basic phases: initiation and tip growth. The spatial organization of such a process is tightly regulated (Cho et al., 2002).
Various variables, including phytohormones, ABA, cellular and extracellular signals, pH, actin cytoskeleton, and microtubules, affect root hair initiation and growth; these findings are based on the results of experiments (Šamaj et al., 2004). High CO2 induces carbohydrate synthesis that acts to stimulate the auxin or ethylene-responsive signal transduction pathways which, in turn, give rise to intracellular NO that affects target Ca2+ and ion channels and the MAPK signaling cascade, known as regulatory nodes for root hair development
Moreover, ROS activates plasma membrane Ca2+ channels in the root tip apex. These signals then feed into downstream components controlling the genetics of microtubule and actin cytoskeleton vesicles, subsequently determining root hair development (Lombardo et al., 2006). In a study conducted by Niu et al. in the year 2011, it was found that the inhibition of GLN2 gene expression and the expression of PLD1 gene led to an increase in the branching of root hairs which were subjected to increasing CO2 (Niu et al, 2011). Lombardo et al. (2006) conducted a study that found verified that NO promotes the development of root hairs in lettuce by participating in auxin-induced root hair formation.

3. IMPACT OF ELEVATED CO2 ON AM FUNGI FOR NUTRIENT UPTAKE
Impact of eCO2 on arbuscular mycorrhizas (AM) development and activity, which areis important for plant nutrient uptake. Over 60% of land plants, including many significant crop species like wheat, soybean and corn, rely on the arbuscular mycorrhizal (AM) symbiosis for nutrient uptake. The extraradical mycelium (ERM) of the fungus acts as an extension of the root system and increases the uptake of nitrogen (N), phosphate (P), magnesium and sulphur but also of trace elements, such as zinc and copper (Cavagnaro et al., 2011). Most terrestrial plants, including the majority of agricultural species, create arbuscular mycorrhizal relationships with a specialized group of soil fungi They perform a vital function in plant nutrition by allowing roots to obtain soil-derived nutrients that would otherwise be unavailable (Silver et al., 2021). Plants grown at eCO2 almost invariably have lower nutrient concentrations such as N and P due to increased plant biomass and carbohydrate accumulation (Igarashi et al., 2021). Nutrients in the soil can be taken up via transporters located in the epidermis or root hairs in plants or by the mycorrhizal uptake pathway that involves the uptake of nutrients by fungal transporters outside the roots within the extraradical mycelium (Kobae et al., 2019). Mycorrhizal roots facilitate nutrient uptake through two routes: the plant uptake pathway (PP) and the mycorrhizal pathway (MP). The PP utilizes either high- or low-affinity uptake transporters to absorb nutrients in the epidermis or root hairs. The creation of depletion zones surrounding the roots can occasionally limit PP uptake, particularly for nutrients with low mobility in the soil (for example, P). In contrast, the MP involves high affinity nutrient transporters in the extraradical mycelium (ERM), followed by translocation along the hyphae to the intraradical mycelium (IRM) in the root cortex, and uptake from the mycorrhizal interface by mycorrhiza-inducible plant uptake transporters (Bücking and Kafle, 2015). 

3.1 AM FUNGI FOR NITROGEN UPTAKE AND TRANSPORT
eCO2 effect on AM-root plant N uptake. This response has been studied less, particularly with regards to ambient and eCO2 effects on AM-mediated N uptake. They can take up nitrogen as NO3- and NH4+ and delivered it to plants (Wang et al., 2018). AMF uptake of N in its more mobile form, NO3, is anticipated to be essential in agricultural soils, where NO3 is frequently the dominating form of N. While AMF may take up both NH4+ and NO3-, it has been demonstrated that they can take up and give up to ten times as much N to the plant when supplied with NH4+. Provision of N as NH4+ could become increasingly important in the future, as recent studies indicate that eCO2 inhibits NO3– assimilation in leaves (Bloom et al. 2010). In most of the agricultural soils, nitrate (NO3−) is the primary type of nitrogen available to fungi and plants. However, in undisturbed or acidic soils, ammonium (NH4+) is dominant and NO3− may be missing totally. The extraradical mycelium of AM fungi can take in NH4+ and NO3− (figure 1). Based on the variations in pH induced by the extraradical mycelium, when hyphae are supplied with NO3− or NH4+, it has been indicated that the NO3− uptake is active and coupled to an H+-symport mechanism, while NH4+ is taken up by an antiport mechanism with a net H+ efflux. AM fungi have high-affinity and low-affinity uptake systems for NH4+, It is currently uncertain that if the AM symbiosis affects N uptake via the Plant Pathway. However, the plant nitrate (NO3−) or ammonium (NH4+) transporters are down-regulated, while mycorrhiza-inducible N transporters are up-regulated by the AM symbiosis. (Bücking and Kafle, 2015).
[image: ]
Fig 1: Nitrogen transport from the extraradical to the intraradical mycelium
(nitrate reductase/nitrite reductase (NR), carbamoyl-phosphate synthetase (CPS), glutamine synthetase—glutamate synthase (GS-GOGAT), argininosuccinate synthase (ASS), ornithine transcarbamoylase (OTC), argininosuccinate lyase (AL), urease (URE), arginase (CAR1). 
3.2 AM fungi for P uptake and transport
AM symbiotic relationship is distinguished by the penetration of AMF into root cortical cells and the formation of a highly branching hyphal structure known as an arbuscule. Although AMF colonize inside root cells, they are not entirely absorbed as plant organelles since they are surrounded by peri arbuscular membranes that connect to the plasma membrane of plant cells, implying that AMF are found outside the cells. As arbuscules form, the expression of host phosphate transporter genes increases, promoting phosphate uptake from the arbuscules (Kobae, 2019). In this symbiotic relationship, the fungus relies on plant for carbohydrates and helps the plant to absorb minerals. The existence of additional [CO2] can potentially alter the exchange process. High [CO2] causes enhanced carbon fixation in plants, which modifies the entire process and, ultimately, affects plant development. 
Figure 2 depicts the expression of phosphate transporter and lifespan of colonization of intraradical hyphae in the arbuscular mycorrhizal symbiosis. "Infection unit" is referred to as a colonized region formed from one of the AMF hyphae. Hyphae enter through the root epidermis and then spread into the intercellular space (Arum-type) or intracellularly (Paris-type) in cortical cells. In such processes, arbuscules involves in nutrition exchange form in cortical cells in the order of their penetration site initially at hyphopodium. As a result, the arbuscules nearest to the penetration site are the oldest, while those nearest to the tip of the developing hyphae are the newest. Because arbuscules have a limited lifespan of 1-2 days, they collapse in descending order of age Kobae (2019). Arbuscules are enveloped by a plant membrane. Plant phosphate transporter proteins are in theses membranes, which are responsible for phosphate uptake from the arbuscules. During the senescent colonization stages of an infected unit vesicles and intercellular hyphae are frequently seen. The function of these intraradical AMF arrangement is currently unknown (Pandey et al., 2015). 
                               [image: ]
Figure 2: Nutrient exchange occurring in the rhizosphere between fungi and plant by mycorrhizal symbiosis.
According to Hampp and Nehls  (2002), around 30% of total photo assimilation products are needed for the growth and maintenance fungal development. AM trees decompose their leaf litter at a faster rate, which leads to the development of solid mineral-associated organic matter in AM-symbiont in which the soil systems that AM fungi and plants cannot consume. AM symbionts were more important to plant growth (Dong et al., 2018). Response of mycorrhizal fungi to eCO2 vary significantly across both the short- and long-term groups. Although the responses of mycorrhizal plants to eCO2 were not significantly different across the short and long-term groups, indicates that the favourable effect diminished as the trial time increased. Several processes could explain the beneficial acclimation effect observed in plant biomass responses to eCO2. Longterm exposure to eCO2 decreases the initial activation of photosynthesis in many species and frequently inhibits photosynthesis. First, iIn response to eCO2 initial enhancement of photosynthesis leads to excess accumulation of carbohydrates in plants, as explained above, which will then downregulate photosynthesis. Second, N in plants was diluted in the absence of enhanced nutrient input in the soil, resulting in lower photosynthesis and thus a gradual reduction in the beneficial effect. In long-term trials, progressive nitrogen restriction (PNL) may show a diminished favourable effect. PNL describes the idea that stimulating plant growth with eCO2 causes increased sequestration of N in plants, soil organic matter and litter, eventually leads to a progressive fall in soil N availability for plant development over time (Luo et al., 2004). Lower N availability, in turn, restricts the eCO2 fertilization effect on plant development over longer timescales, and mycorrhizal fungal-induced PNL produced by mycorrhizal plant partners, which diminishes the beneficial effect on plants (Alberton et al., 2007). A main mechanism directing this reaction is the high rate of N immobilization by plants and microorganisms in the presence of eCO2, which depletes soil N concentration and slows down N mineralization (Finzi et al., 2006).



 
4. N TRANSPORT AND ASSIMILATION UNDER eCO2
The intake of Nitrogen nutrients is controlled and modulated by the interactions of three primary protein classes: transporters, transceptors and receptors. Transporter is a synonym for selected carrier proteins, whereas transceptors are proteins that can perform both transport and sensing functions (Muratore et al., 2021). External availability as well as the balance of net uptake (defined as the difference between influx and efflux), root metabolization, vacuolar accumulation, and xylem/phloem (un)loading, determines the total concentration of N forms in root cells (Muratore et al., 2021).
CO2 is required for photosynthesis. By the end of the century, atmospheric CO2 content is expected to reach around 800 µmol mol-1. The reaction of plants to elevated CO2 is directly related to their nitrogen status. One of the plants most essential physiological response is nitrate assimilation, and the size of nitrogen sink is critical in regulating the nitrate assimilation response to increased CO2. Under elevated CO2 and unlimited supply of nitrate conditions, increased (nitrate reductase) NR synthesis and activity correlate with an increase in photosynthesis caused by eCO2. Leaf nitrogen sinks and plant photosynthesis activities are highly coordinated. The increase in carbohydrates under elevated CO2 conditions may boost NR transcription and posttranslational regulation, hence improving nitrate assimilation. Furthermore, the increased photosynthesis caused by increasing CO2 can offer additional carbon skeletons and energy for NH4+ absorption. As a result, nitrogen absorption could be more efficient in some plants under increased CO2 conditions compared to ambient CO2 (Igarashi et al., 2021). 
However, several studies have found that elevated CO2 levels significantly reduce Nitrate reductase activity and directly inhibit nitrate assimilation in the leaves of C3 plant species, including Arabidopsis and wheat. These discrepancies in the effects of increased CO2 on nitrate assimilation could be attributed to species-specific nitrogen sink-limitation. when the availability of reduced ferredoxin exceeds the need for NADPH production only then nitrate assimilation in plants occurs. When the concentration of atmospheric CO2 exceeds the saturation point, the photochemical process cannot produce enough reductant and ATP to meet the CO2 fixation requirements (Mndela et al., 2022). Under elevated CO2 conditions, nitrate assimilation is inhibited because reductants are competed for nitrates and CO2 fixation. (Bian et al. 2020). In plants, the transcription factor HY5 coordinates photosynthetic carbon fixation and nitrogen metabolism, allowing for homeostatic preservation of the carbon-nitrogen balance in dynamic settings. To present, there is no evidence that CO2 has a direct role in the regulation of HY5 expression and protein stability. Elevated CO2 levels may alter nitrate uptake and assimilation by interfering with HY5-mediated nitrate control. CO2 enrichment is a typical approach for enhancing crop output and nutritional quality in controlled circumstances. However, in order toto reduce nitrate concentrations and increase yield, CO2 enrichment should could be combined with other environmental regulatory activities such as temperature and light management, as well as variations in nitrogen sink size between crop species, thereby balancing nitrate assimilation and CO2 fixation in crop grown under controlled conditions. Moore et al., 2021. 
. 
5. P TRANSPORT AND ASSIMILATION UNDER eCO2
[bookmark: _Hlk146310481]P is a finite material that is necessary for all forms of life and an important plant nutrient that regulates photosynthesis response to CO2. Elevated [CO2] often enhances net photosynthesis, leading to increased biomass and a higher demand for P uptake. Now, one of the most effective counter measures for increasing agricultural yields is the application of phosphorus fertilizer. Improving crop phosphate uptake and use efficiency has emerged as a critical issue in modern agricultural production that must be addressed immediately. Under low Pi stress, plants activate molecular mechanisms to enhance Pi uptake, transport, and utilization. There are many transcription factors, such as MYB, WRKY and bHLH family transcription factors etc, which positively or negatively regulate Pi signalling and homeostasis in plants. (Pandey et al., 2015). The transport route consists of four stages: Pi uptake from soil to roots, transfer from roots to shoots, unloading in shoots and subcellular organelles, and transport to seeds as phytic acid. The high-affinity Pi (PHT1) transporter family, including PHT1;1 and PHT1;4, is essential for Pi absorption from soil to roots. While the PHO1 protein facilitates root-to-xylem Pi loading, PHT1;5 is crucial for Pi retranslocation from shoots to roots and its mobilization to reproductive organs. Vacuoles serve as the primary intracellular compartments for Pi storage in plant cells, with SPX-MFS1 facilitating influx and SPX-MFS3/PHT5;1 regulating efflux. Furthermore, Pi is metabolized in leaves and transported to seeds as phytic acid via the ABC-MRP-type phytic acid transporter. (Wang et al., 2018). The levels of PHT1, PHO1, and PHO2 transporters are regulated by miR399 and cis-NATPHO1;2 in the xylem, while miR399 and IPS1/AT4 control their expression in the roots (Srivastava et al.,2018).

Plants will suffer from Pi hunger if exposed to high CO2 levels for a long period of time. Adaptive metabolic pathways that may aid plants in adjusting to dietary Pi deficit. In plant cells, alternative pathways of cytosolic glycolysis, mitochondrial electron transport, and tonoplast H+ pumping support respiration and vacuolar pH maintenance under severe Pi deficiency by reducing dependence on adenylates and Pi, both of which become significantly depleted. Roots may excrete large amounts of organic acids produced by PEPC, malate dehydrogenase (MDH), and citrate synthase (CS) to enhance Pi availability by: (1) solubilizing calcium, iron, and aluminum phosphates (Met-Pi) to release mineral-bound Pi, and (2) improving the hydrolysis of organic P by secreted PAPs. Under Pi deprivation, vacuolar PAPs (PAP-V) are upregulated to recycle Pi from nonessential intracellular Pi monoesters. Likewise, secreted PAPs (PAP-S) scavenge Pi from extracellular Pi monoesters and nucleic acid fragments, enabling its uptake through PSI high-affinity Pi transporters in the plasma membrane (Plaxton and Tran., 2015).
Elevated CO2 increased total P absorption by 84% in white lupin and 48% in canola, while reducing P uptake in non-citrate-exuding wheat by 24% and having no impact on citrate-exuding wheat. These effects were associated with increased root length in canola, increased phosphatase activity and organic P depletion in white lupin, andlupin and increased inorganic P availability in the rhizosphere of faba bean (Sullivan et al., 2020). Over three years, elevated CO2 (600 mmol mol⁻¹) increased grain mineral accumulations of P, Mn, K, Mg, Ca, Zn, and B in broomcorn millet by 23.87%-51.31% (Shi et al., 2022). Elevated CO2 (550 and 750 μmol/mol) increased N and P accumulations in maize at jointing (22.75% and 52.29%) and anthesis (25.37% and 44.69%), improved N and P translocation efficiencies, but reduced grain N concentration without significantly affecting P concentration in biomass fractions (Xie et al., 2018).

5.1 INTERACTIVE EFFECTS OF PHOSPHOROUS AND ELEVATED [CO2]
Elevated [CO2] typically enhances plant growth, but P limitations can restrict this response. As a result, the fertilizing effect of elevated [CO2] largely depends on adequate P availability to sustain accelerated metabolic processes. Consequently, plants exposed to high [CO2] will have increased P demands, potentially worsening P deficiency in already P-depleted plants (Jin et al., 2015).
Phosphorus is a key component of nucleic acids, comprising approximately 40–60% of the cell. Therefore, P deprivation disrupts RNA and protein synthesis, leading to metabolic inhibition, including impaired photosynthesis. For optimal photosynthesis, chloroplasts require a P concentration of 2.0–2.5 mM; any level below this threshold completely inhibits photosynthesis. Phosphorus deficiency hinders photosynthesis by limiting Rubisco carboxylation activity, restricting ribulose-1,5-bisphosphate (RuBP) regeneration, and reducing [CO2] diffusion through stomata and mesophyll. P limitations have also been shown to decrease the efficiency of energy transfer to the photosystem II (PSII) reaction centercentre and affect other chlorophyll fluorescence characteristics. Leaf P content regulates the relationship between leaf photosynthetic rate and nitrogen. However, the rate at which photosynthesis increases under elevated CO2 depends on P availability. With increasing [CO2], a higher P supply further enhances the photosynthetic rate. Therefore, plants grown under elevated [CO2] demand more P than those cultivated in ambient conditions. In crops like wheat, prolonged exposure to elevated [CO2] often leads to photosynthetic acclimation, characterized by the downregulation of photosynthesis due to feedback inhibition (Pandurangam et al., 2006). Under such conditions, a sufficient P supply can support photosynthetic recovery by enhancing Rubisco activation and RuBP regeneration (Brooks et al., 1985).
It is widely recognized that plant growth and development are influenced by nutrient availability. When mineral resources are scarce, plants may adopt mechanisms to enhance nutrient acquisition from the soil or optimize the utilization of internally stored minerals. Plant nutrient acquisition (uptake per unit root mass) and utilization efficiency (dry matter production per unit nutrient uptake) are expected to vary significantly under different growth conditions. Both high [CO2] and low P availability promote root growth, and their combined effect is expected to enhance root growth traits even further. Most studies on plant species, including cotton, cereals, and legumes such as Cicer arietinum, Pisum sativum, and Vigna radiata, grown with or without P fertilization, revealed significant variability in root system responses to high [CO2] and did not consistently show the expected increase in root growth. (Pandey et al., 2015). Thus, the interactive impact of [CO2] and P supply on root systems remains inconclusive.

Plant productivity depends on the net balance between photosynthesis and the carbon needed for maintenance and resource acquisition. Shoot biomass of wheat and cotton plants more responded to raised [CO2] with more amount of soil P application, while the interacting effect of [CO2] and P differed between the species. At lowest P addition rate wheat responded to [CO2] enrichment, but at higher P addition rate cotton responded, with substantial interactions (Singh et al., 2013). This variation in reaction between species could be attributed to changes in the regulation of glucose metabolism by P content in the cytoplasm. Variations in atmospheric [CO2] can elevate the critical P concentration, commonly referred to as foliar P concentration. Consequently, under high [CO2], greater P is necessary to sustain optimal shoot growth. This can be achieved either by enhancing absorption efficiency when P supply is sufficient or by improving utilization efficiency when P availability is limited.

6. DOWNREGULATION OF TISSUE N:P RATIO UNDER ELEVATED CO2
Increasing atmospheric CO2 concentrations alters element stoichiometry in plants. Elevated CO2 enhances plant nitrogen (N) and carbon (C) uptake, However, an uneven increase in biomass C compared to N results in higher tissue C:N ratios. (Luo et al. 2006). This most likely leads to progressive nitrogen limitation, or PNL (Norby et al. 2010). Plant P uptake and the stoichiometry of tissue N:P ratios under elevated CO2 levels have received far less study, leaving the impact of P limitation unknown. Understanding how high CO2 affects plant nitrogen (N) and phosphorous (P), N:P ratios is crucial for developing an accurate prediction about C fixation in terrestrial ecosystems under future climate change. According to stoichiometry theory, plants grown in high CO2 environments will exhibit lower concentrations of all elements except those composing carbohydrates (C, H, and O). Additionally, the theory suggests that elevated CO2 will affect certain minerals more significantly than others
Plant nitrogen (N) and phosphorus (P) uptake can fluctuate under elevated CO2 due to imbalances in soil N and P availability (Taub & Wang, 2008) or varying nutrient investments in metabolic processes responding to CO2 changes (Sterner & Elser, 2002). It is widely recognized that increased CO2 levels reduce soil N availability (Cheng et al., 2012), limit plant N uptake, and elevate plant C:N ratios.
Foliar N concentrations tend to decline more than other elements in plants exposed to high CO2 (Loladze, 2014). This reduction occurs primarily because elevated CO2 lowers the abundance of Rubisco, a major N reservoir in photosynthetic tissues (Taub & Wang, 2008), and inhibits nitrate assimilation (Bloom et al., 2010). Under rising CO2 levels, both plant N and P concentrations decrease, though N concentrations decline more sharply than P, leading to significantly lower N:P ratios across all plant tissues and habitat types.
Overall, elevated CO2 reduced the N:P ratio in plant biomass by 8.7%, with aboveground biomass showing a 9.2% reduction and belowground biomass experiencing a 6.0% decline. Across different ecosystems, biomass N:P ratios decreased by 11.4% in croplands, 8.4% in grasslands, 5.9% in shrublands, and 6.9% in forests when CO2 levels were elevated compared to ambient conditions. Interestingly, nitrogen treatment did not significantly impact the extent of N:P ratio reductions in plants grown under high CO2. Instead, a downward trend in CO2-induced N:P ratios was observed in both high-N and low-N conditions (Deng et al., 2015).




7. STRATEGIES TO ENHANCE NUTRIENT AVAILABILITY IN CO2 ENRICHED ENVIRONMENT
The interplay of climate change factors will alter precipitation patterns, influence plant physiology, and disrupt ecosystem functions, creating environmental constraints that hinder nutrient uptake and accumulation. Various strategies are being developed to mitigate or adapt to climate change effects. However, the vast number of studies assessing their actual environmental impact makes it challenging to establish a definitive plan for effective implementation within supply chains.
7.1. SMART FERTILISATION TECHNOLOGY
To minimize nutritional losses in crops, farmers should prioritize yield optimization and strategic fertilization practices. Fertilization decision-support systems, now available through online platforms, utilize algorithms that analyzeanalyse experimental data on soil nutrients and crop nutritional needs. These systems provide farmers with tailored fertilizer recommendations and expert guidance suited to their specific agricultural conditions (He et al., 2011). By enabling precise fertilizer application, these tools enhance nutrient efficiency and contribute to higher yields. Additionally, advancements in non-invasive plant nutrition assessment technologies are progressing rapidly. Improved crop monitoring and diagnostic techniques allow for more precise fertilizer management, leading to increased efficiency and better overall agricultural productivity.
7.2. HIGH THROUGHPUT IN VIVO ANALYSIS OF PLANT LEAF CHEMICAL PROPERTIES USING HYPERSPECTRAL IMAGING 
Image-based high-throughput plant phenotyping in greenhouse environments offers a promising solution to the current limitations imposed by phenotypic scoring, which restrict the efficiency of gene discovery and crop improvement efforts. Many studies have utilized automated RGB imaging to evaluate biomass accumulation and growth patterns in agriculturally important crops. This study aimed to assess the potential of hyperspectral imaging for in vivo analysis of chemical properties in maize and soybean plants. Specifically, it focused on measuring leaf water content along with macronutrient concentrations of nitrogen (N), phosphorus (P), potassium (K), magnesium (Mg), calcium (Ca), and sulphur (S), as well as micronutrients such as sodium (Na), iron (Fe), manganese (Mn), boron (B), copper (Cu), and zinc (Zn). To capture a diverse range of variations in leaf chemical composition, hyperspectral images were taken from 60 maize and 60 soybean plants subjected to different levels of water deficit and nutrient limitation stress. Imaging was performed using an automated conveyor belt system equipped with a hyperspectral imager covering a spectral range of 550 to 1,700 nm (Pandey et al., 2017).
7.3. INCLUSION OF LEGUMES
Karkanis et al. (2018) highlighted that integrating legumes into farming systems is an effective approach to mitigating climate change emissions, as it naturally reduces the need for inorganic nitrogen fertilizers, lowers CO₂ emissions, improves soil structure and fertility, and decreases pest susceptibility. According to a predictive model based on climate data spanning the past 80 years, implementing a legume-based crop rotation system can lead to a 25% reduction in greenhouse gas emissions (Ma et al., 2022).
Legumes have also been introduced into intercropping systems to minimize denitrification, enhance plant availability of phosphorus (P), iron (Fe), and zinc (Zn), and increase the efficiency of P fertilizer utilization (Xue et al., 2016). While using legumes or their residues as cover crops (green manure) has certain drawbacks—such as limited persistence or excessive nitrogen supply in highly vigorous crops—their overall environmental footprint is considerably lower compared to non-leguminous crops. Additionally, they require less energy input per unit area and have a reduced potential to contribute to global warming (Tani et al., 2017).
This approach is crucial within the framework of "sustainable intensification" (Mungai et al., 2016), which emphasizes the need to transform agricultural practices into more sustainable and efficient systems while continuing to meet the increasing demands of a growing population.
7.4.	NO TILLAGE FARMING
Reduced or no-till farming is a widely adopted sustainable agricultural practice that improves nutrient cycling, enhances soil structure, and increases water infiltration. While this method was originally used in ancient farming, the widespread adoption of tillage during Europe’s agricultural revolution led to soil degradation, nutrient depletion, and a decline in microbial activity over time. Research has demonstrated that no-till farming can lower methane emissions (Zhao et al., 2020), minimize dissolved phosphorus (P) loss when combine with other land management approaches (Daryanto et al., 2017), and influence the distribution of pesticides between the soil solution and the solid phase (Elias et al., 2018).
7.5.	GENOME EDITING
Plant breeding efforts have traditionally prioritized yield and resistance; however, with the growing recognition of nutrient depletion in crops, addressing this issue must become a key focus. To counteract this trend, various approaches are being developed, including the identification of QTLs associated with nutrient efficiency under elevated CO₂ and higher temperatures (Pilbeam, 2015) and the analysis of differentially expressed genes in response to elevated CO₂ (Zheng et al., 2018).
These findings can be utilized to build predictive models and select for improved food quality (Dwivedi et al., 2018). Gene-editing technologies, such as the CRISPR/Cas9 system, offer a promising solution for achieving these goals. This tool has already been successfully applied to develop rice lines with enhanced seed longevity, increased amylase content, and higher resistant starch levels (Mishra et al., 2018).
The CRISPR/Cas9 system has been a revolutionary tool in genetic engineering, widely used to enhance various traits in crops like rice. A more advanced genome-editing method, CRISPR/Cpf1, has been applied to modify plant genes since 2016 (Endo. et al., 2016). CRISPR/Cpf1 offers several advantages over CRISPR/Cas9, making it a more efficient and precise tool for genome editing.
Unlike CRISPR/Cas9, which recognizes a G-rich (5'-NGG-3') PAM sequence at the 3' end of the target, CRISPR/Cpf1 identifies a T-rich (5'-TTTN-3' or 5'-TTN-3') PAM at the 5' end, allowing for higher cutting efficiency. Additionally, the Cpf1-crRNA complex can cut the target DNA without needing tracrRNA. This means that a crRNA of 40-45 nucleotides, including the repeat and spacer, is sufficient for gene editing, whereas CRISPR/Cas9 requires a longer sgRNA (~100 nucleotides) (Zetsche et al., 2015).
Cpf1 has dual enzymatic activity—it functions as an RNAase to process pre-crRNA into crRNA and as a nuclease to cut double-stranded DNA. This makes the CRISPR/Cpf1 system simpler than CRISPR/Cas9, as multiple crRNAs can be generated using a single promoter. As a result, it allows for larger mutations and improves the efficiency of HDR-mediated gene insertion at specific genomic locations. Additionally, Cpf1 produces fewer off-target effects than Cas9, making it a more precise tool for genome editing (Zaidi et al., 2017). Currently, three CRISPR/Cpf1 variants—FnCpf1, LbCpf1, and AsCpf1—have been successfully used for genome editing in rice.


8. CONCLUSION
In recent decades, numerous studies have explored the impact of climate change on plant productivity and yield traits. However, research on nutrient dynamics, particularly micronutrient-use efficiency under changing climatic conditions, remains limited. This gap in knowledge is crucialcriticall, as climate change influences crop nutrient uptake, transport, and redistribution. While rising CO2 levels have been shown to alter the nutritional composition of cereals, legumes, fruits, and leafy vegetables, some studies suggest that this effect is not universal.
Today, agriculture faces the challenge of balancing higher yields with the maintaining food quality. Given that nutrient deficiencies are a major cause of reduced crop quality and productivity worldwide, it is essential to understand how these stresses interact with elevated CO2. The impact of rising CO2 on food mineral composition can no longer be overlooked, as producing less nutritious crops in the future could pose significant risks to agriculture and human health.
To address this, gaining deeper insights into the genetic, physiological, and molecular mechanisms governing mineral nutrient uptake is essential for enhancing the nutritional quality of grains in the face of climate change. Additionally, screening germplasm to identify crop varieties with improved nutrient utilization efficiency will be key to advancing biofortification strategies.
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